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A b s t r a c t
The high spin structure of the nucleus 178W  has been studied, at the Australian 
National University, with the 170Er(13C,5n) reaction at 80 MeV. Many previously 
unidentified rotational bands are seen based on high-JT, 2, 4, 6 and 8-quasiparticle 
structures, some of which are isomeric. This is the first identification of rota­
tional bands based on 8-quasiparticle states. The excitation energies of the multi­
quasiparticle bandheads are compared with BCS calculations, including residual 
interactions. The bands show substantial increases in moments-of-inertia with in­
creasing quasiparticle number. These are examined in terms of pairing blocking. The 
effect of blocked pairing is also taken into account in the calculation of p-factors, 
which supports the configuration assignments. The K n =  25+, eight-quasiparticle 
band forms the yrast line from its bandhead upwards. This bandhead is a 220 ns 
isomer whose decay is strongly hindered, compared to the decay of the four- and 
six-quasiparticle structures.
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C h a p t e r  1
I n t r o d u c t i o n
Nuclear physics is the study of systems whose scale is much smaller than that of our 
everyday experience, where the standard unit of length, the metre, is roughly the 
length of a (tall) man’s arm. At a scale of about 10“10 in matter is composed of 
discrete atoms. An atom’s substructure is analogous to a solar system in miniature, 
where electrons (the planets) orbit the central nucleus (the sun). The atomic system 
is bound by the electrostatic attraction between the positively charged nucleus and 
the negatively charged electrons, whose ‘orbits’ are described by quantum mechanical 
probability distributions, as opposed to the classical motion of the planets. The 
nucleus contains the vast majority of the atom’s mass (« 99.98%), but occupies 
only a tiny fraction of its volume, with typical nuclear radii being a few fm (10~15 
m).
Nuclei have two constituents of approximately equal mass, the positively charged 
proton and the neutral neutron. These nucleons are bound together by the strong 
nuclear force, which is short range. Although there is no central ‘attractor’ the 
nucleons can be thought of as occupying orbitals, with the most stable configuration
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for a given combination of protons and neutrons (the ground state) involving the 
occupation of the lowest energy orbitals available.
While the orbiting nucleon viewpoint gives many insights into nuclear behaviour, 
the nucleus is also analogous to a liquid drop, both having roughly constant density 
and interactions between neighbouring particles only. In a simple liquid drop model 
the most stable shape is a sphere. However, the quantum nature of the nuclear 
system can allow deformed shapes to be favoured. Individual nucleon orbitals are 
not isotropic. They can have a polarising effect on the nuclear shape, as increasing 
their overlap with the overall nuclear mass distribution lowers their energy. Deformed 
nuclei are found (for example) in the ranges 150 < A  < 190 and A  > 220, where 
A  is the nucleon number. The most common deformed shape is a prolate ellipsoid, 
which has an axis of symmetry. Collective rotation, about an axis perpendicular 
to the symmetry axis, is possible for such deformed nuclei, resulting in bands of 
regularly spaced levels with energies proportional to /(/+1), where I  is the angular 
momentum quantum number. De-excitation of rotational states is by collective 7-ray 
transitions with short half-lives (< 10~9 s).
As well as rotation, individual particles can be excited to higher orbitals. In an 
even-even nucleus, one broken nucleon pair results in two unpaired particles. These 
have non-collective decays, frequently with half-lives >> 10“9 s, in which case they 
can be termed isomers. Such isomers can be observed between accelerator beam 
pulses making very sensitive detection possible.
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The work presented in this thesis is very much concerned with the identification 
of multi-quasiparticle isomers. In the A  &  180 region, these compete with collective 
rotation in the sense that for a given angular momentum collective and non-coilective 
excitations can have similar excitation energies.
Investigation of these multi-quasiparticle states probes, for example, the blocking 
of pairing correlations, and the related erosion of nuclear superfluidity. The quench­
ing of superfluidity due to quasiparticle excitation, is analogous to the quenching of 
superconductivity in metals by temperature. In nuclei the phase transition is not 
sharp, due to the small number of particles. Instead pairing will fall with increasing 
quasiparticle number, resulting in the moment of inertia approaching the rigid body 
value.
Six- and seven-quasiparticle isomers have been discovered in 175Hf [Gj90], 176Hf 
[Kh76], i7GTa and 177Ta [Da94], l77Ta [Ko96], and 1820s [CI188]. In none of these 
cases has an associated rotational band been identified. The highest-seniority (seven- 
quasiparticle) rotational bands have been found in 179W  [Wa94], though their band- 
lieads are not isomeric (T\/2 < 1 ns). Calculations [Ab78. Da94, Ja95] suggest the 
existence of many more multi-quasiparticle isomers in the A  z e 180 region, but most 
of them are inaccessible with presently available (stable) beams and targets. A 
favourable case for study however is 178W, which can be formed at angular momenta 
over 30h  in the i70Er(1,iC,5n) reaction, and which is calculated [Ja95] to contain 
eight-quasiparticle isomers with K  —  (25 - 30) h .
3
C h a p t e r  2  
N u c l e a r  M o d e l s
Understanding the properties of a heavy nucleus in terms a microscopic theory, of the 
interactions of its constituents, would be very difficult, for two reasons. The math­
ematics of solving a many body problem is complex, and the strong force governing 
the interactions between nucleons is not well understood.
Therefore, nuclei are studied using simplified theories (models), which are tractable 
mathematically and give insights into nuclear properties. One of the most useful sim­
plifications in nuclear models is the treatment of the majority of the nucleons as a 
collective entity (or core). As well as interacting with the remaining nucleons, the 
core can have collective properties such as shape and moment of inertia.
2 . 1  Shell M o d e l
The shell models in nuclear and atomic structure physics are analogous. In both cases 
fcrmions are bound by a potential, and thus can be considered to occupy discrete 
quantum states (which can be degenerate). The states are grouped in shells, and are 
filled with particles in order of increasing energy. The shell structure is reflected by
4
particle separation energies and other observables, which show abrupt discontinuities 
at shell closures (magic numbers). In the atomic case the attractive potential is 
supplied by the electromagnetic interaction between the electrons and the central 
nucleus. In the nuclear case the potential seen by a nucleon comes from its interaction 
with other nucleons. Treating these interactions individually would be excessively 
complex for a heavy nucleus, and they are replaced by an averaged interaction (mean 
field). As the nuclear force is short range the potential can be considered to have 
the same shape as the nuclear density distribution. This is realistically described by 
a Woods-Saxon shape, giving the potential the following form:
V(r) =  1 + e x p [ ( r  -  R ) / a ]  ^  P
where R  is the mean radius and a  is the skin thickness.
This potential reproduces only the first three magic numbers (2,8 and 20). In 
order to understand the remaining magic numbers a spin-orbit interaction is added 
to the potential. This term is KS0(r)l.s, where 1 and s are the nucleon’s orbital 
angular momentum and its intrinsic spin respectively. These couple producing total 
angular momentum, j  =  I ±  With the spin-orbit potential, V s o ( r )  being negative, 
the levels with j  =  I  ~ are lower than those with j  =  I — f. This results in the 
I f i  level falling between the N = 2 and N = 3 shells, and the 1 an^
levels intruding into the next lower shells (N=3, 4, and 5 respectively). These shifts 
resulting from the spin-orbit term reproduce the remaining magic numbers perfectly.
2.2 D e f o r m e d  Shell M o d e l
For nuclei near to neutron or proton closed shells the spherically symmetric shell 
model is fairly successful. However, it is less good away from closed shells. In the 
region with 60 < Z < 80 and 90 < N < 120, for example, experimental electric 
quadrupole moments are more than an order of magnitude higher than the predic­
tions of the shell model. This can be understood if the nuclei have deformation 
(specifically quadrupole deformation resulting in an ellipsoidal shape). A  generali­
sation of the shell model to deformed potentials is thus required. This calculation 
has been performed by Nilsson [Ni55], who used a deformed harmonic oscillator 
potential, with spin-orbit and l2 terms. This potential is given by,
h n =  — m [ L O x x ' 2 + o j ' l y 2 -j- o j ) z 2 } — k J i l oq  ( 2 \ . s  + //T — (l2)) (2-2)
where u x, u>y and u j z are inversly proportional to the axes of the ellipsoid. The pa­
rameters, «; and j i are chosen for each N  shell by comparison with experimental data. 
Deformation of the potential results in energy levels being orientation dependent. 
The nucleon orbitals are now labelled with their angular momentum projection on 
the symmetry axis, Q . For axially symmetric deformation the projections + 0  and 
- P l are equivalent giving a degeneracy of 2. The spherical single-particle quantum 
numbers I and j  are no longer “good”. The only good quantum numbers are now 
P l and the parity, i r . The wave functions of the deformed orbitals can be described 
as a mixture of many different I and j , with j  >  P l . It is usual to label the or­
bitals according to their dominant component for large deformation, resulting in the
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asymptotic quantum numbers.
tr lW .n ^ A ) (2.3)
where N  is the principal quantum number, n z is the number of nodes along the 
z-axis, and A is the projection of the orbital angular momentum.
2.3 Multiquasiparticle Excitations
In the ground state of an even-even nucleus, such as 178W, all the nucleons are paired 
in time reversed orbitals, giving I n = 0+. Excited states can be formed by breaking 
a pair. The angular momenta of the two unpaired nucleons couple to give
The pairing interaction scatters pairs between orbitals giving the orbitals frac­
tional occupation probability and lowering the overall energy. The broken pair 
excitations are described as quasiparticle excitations (they cannot be labelled in 
particle-hole terms due to the orbitals’ fractional occupation probabilities in the 
vacuum configuration). The excitation energy of a multiquasiparticle (mqp) state is 
given by the sum of the constituent quasiparticle energies, E n given by
where e a is the effective single-particle energy (see below). A  is the pair gap and A 
is the Fermi energy. In the BCS approach [Ba57] A  is calculated from the following 
interdependent equations;
I  = K  = |H, ± a 2 (2.4)
(2.5)
A =  GTiUnvt (2.6)
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where G  is the monopole pairing strength, and v  ( u ) are the probability amplitudes 
for the single particle states to be occupied (unoccupied), i.e. u2 + u2 =  1;
The orbitals containing unpaired particles are excluded from the pairing correlations 
(blocking) [S06I], by removing them from the summation in equation (6). This has 
the effect of reducing A  for higher seniorities. Jain e t oi.[Ja95] have performed a 
blocked BCS calculation for 178W. Single-particle energies and pairing strengths (6?) 
were deduced, in a self consistent manner, from one-quasiparticle intrinsic state en­
ergies in neighbouring odd-mass nuclei and two-quasiparticle level energies in 178W. 
Where the one-quasiparticle intrinsic states are unknown, calculated Nilsson single­
particle energies were used.
Residual interactions between quasiparticles also have an important effect on the 
excitation energies. For the 2-quasiparticle case the I i  = |fb4-Q2| anc^ K  —  |Qi — H 2| 
couplings are split in energy. This splitting is described by the Gallagher-Moskowski 
( G M )  rules [Ga58]. Which coupling is favoured depends on the projections of the 
intrinsic spins. For quasiparticles of the same type ( t t k or v v )  antiparallel spin 
projections are favoured, and for unlike quasiparticles ( i r v ) parallel spin projections 
are favoured. The residual interaction for a mqp state is taken as the sum of the 
interactions between all possible 2-quasiparticle combinations in Jain e t  a l . [Ja95],
(2.7)
where e° is the energy of the single particle state a; and
(2.8)
where the 2-quasiparticle splittings are taken from neighbouring nuclei. Where ex­
perimental splittings are unavailable a constant value estimated from the average of 
known splitting energies is used. The detailed results for 178W  will be presented in 
Chapter 5.
2.4 Collective R o t a t i o n
The nucleus can rotate collectively around an axis perpendicular to the symmetry 
axis. This results in rotational bands based on the intrinsic states. The level energies 
for a good rotor are given by
£ = X ( / ( /  + l ) - / 0  + £ w , (2.9)
where J  is the moment of inertia and E qp is the energy of the intrinsic state. The 
spacing between band members is linearly dependent on spin. Experimental mo­
ments of inertia are found to be substantially less than rigid body values, and higher 
than values based on a super-fluid model of the nucleus. The introduction of pairing 
correlations [Bo55] can reproduce the experimental values. The quenching of pairing 
by quasiparticle excitation results in increases in the moments of inertia. For zero 
pairing a rigid-body value is expected on average [Pa75], but this feature remains to 
be confirmed experimentally.
2.5 Coriolis Effects a n d  Rotational A l i g n m e n t
A level’s total angular momentum is shared between the quasiparticles and the 
collective core. For strong coupling where K  is a good quantum number the particles
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Figure 2.1: Schematic representation of quasiparticle angular momentum couplings: 
a) strong coupling, deformation alignment; b) weak coupling, rotation alignment; c) 
intermediate coupling, Fermi alignment.
have angular momentum components, K ,  along the symmetry axis, perpendicular 
to the collective rotation. At the other extreme (weak coupling) a particle can have 
a well defined angular momentum projection along the rotation axis (rotational 
alignment). The total angular momentum projection on the rotation axis, 7X, is 
the sum of collective rotation, R , and rotational alignment, i x. In the intermediate 
case, the particle can be Fermi aligned [Fr83], with a well defined projection on an 
intermediate (or tilted) axis. For this coupling to an intermediate axis neither of the 
projections on the principal axes, K  and ic, are good quantum numbers, however 
their average values are still useful. These couplings are illustrated in figure 2.1.
A significant deviation from the rotational behaviour expected for strong coupling 
is caused by Coriolis effects, due to the rotating nucleus being a noil-inertial frame of 
reference. The Coriolis force mixes levels with the same I n through A K  —  1 matrix 
elements [St75], which can be written,
{ I ,  Q  ±  1 \ H C\ I ,  Q ) =  -(fi2/2J ) [ I ( I  + 1) - I < ( K  ± l)]1/2(n ± lU±|n), (2.10)
where ( Y l ±  l|j±|Q) is largest for orbitals with high j  and low D. Thus bands of the 
same parity interact and are pushed apart. The level spacings of the energetically 
favoured band are compressed. This compression can be thought of as due to a 
partial or Fermi alignment, with K  and i x both having non-zero average values.
11
E x p e r i m e n t a l  T e c h n i q u e s
C h a p t e r  3
3.1 Heav y - i o n ,  xrry Reactions
The experiments were designed to produce excited states of 178W  with angular mo­
menta greater than about 30 t i . A  compound nucleus reaction is the most convenient 
way (only practical way) of doing this. If two nuclei are incident on one another 
with a relative energy great enough to overcome the Coulomb repulsion between 
them they can fuse, producing a compound nucleus with high excitation energy. 
The compound nucleus then de-excites by evaporating light particles. The emission 
of charged particles is suppressed by the Coulomb barrier. Near stability in the 
nuclear mass region of interest, this results in neutron evaporation being the most 
likely means of de-excitation. Neutrons are emitted until the excitation energy of 
the residual system is below the neutron binding energy. The excited states in this 
product then decay by y-ray emission. Such a heavy-ion, xn reaction is very selec­
tive in its final product, as the number of neutrons evaporated is strongly dependent 
on the excitation energy of the compound nucleus, and thus on the energy of the 
incident beam. In this section, the selection of the reaction and beam energy is
12
discussed.
Only stable combinations of beam and target will be considered. Once fusion has 
occurred the compound system has no ‘memory’ of its origins. However, the system’s 
angular momentum and excitation energy are dictated by the reaction. The number 
of neutrons emitted can be controlled by varying the excitation energy, which is the 
sum of the incident kinetic energy, in the centre of mass frame, and the Q-value for 
the fusion. As this Q-value is fixed for a given beam and target, the residual nucleus 
can be chosen by selecting the beam energy. The centre of mass bombarding energy, 
e ;g« (in MeV) at which the cross-section of a given reaction is maximised can be 
estimated using the semi-empirical formula,
where x  is the number of neutrons emitted and Q  is the rest mtiSb of beam and target 
nuclei less that of the residual nucleus plus evaporated neutrons. The energy in the 
centre of mass frame can be transformed into the laboratory frame by the relation,
where M x and M 2 are the masses of the beam and target nuclei, respectively.
The Coulomb barrier is a major constraint on the possible reactions. Even when 
the bombarding energy is only marginally above the barrier, whose energy in MeV 
is given by the the relation,
£ g M = (-Q  + 5 .5 .T) (3 .1 )
E lj f  = (1 +  M , / M 2 ) E b M (3 .2 )
(3.3)
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where Z \  and Z 2 are the atomic numbers of the beam and target nuclei respectively, 
and i?.i and R , 2 are their radii in fm, the excitation of the compound system can 
be large resulting in the evaporation of several neutrons. For beam and target 
combinations where the product of the atomic numbers is large evaporation of only 
1 or 2 neutrons is not possible.
The maximum angular momentum of the compound system, Zma3!, which corre­
sponds to a grazing collision, is given by,
1-max = P - v R . (3.4)
where f t is the reduced mass of the system, v  is the relative velocity of the projectile 
and target when they are just touching (ie. when the Coulomb barrier has been pen­
etrated), and R , is the distance between the centres of the two nuclei. Substituting,
v = 2 (Eg“  -  Egf)  (3 5)
into equation 4 gives,
U  = \JMU- +  (3.6)
Thus to maximize angular momentum, the bombarding energy and reduced mass 
should be large, and the Coulomb barrier should be small. The beam energy is fixed 
in order to select the desired product. In general Q-values are more negative for more 
symmetric beam target combinations, but the corresponding compound nuclei are 
less neutron rich. A large reduced mass gives more spin per MeV and results from
14
Table 3.1: Heavy Ion, xn reactions producing 178W.
Reaction r?l,abbeam I max Cross-section
(MeV) (h) (mb) %  of total
•?l'Lu(7Li,0») 48 28 1106 87
176Yb(9Be,7n) 79 40 1184 71
170Er(13C,5n) 72 33 754 82
lwDy(180,4n) 76 21 152 53
160Gd(22Ne,4n) 93 25 54 21
136Xe(48Ca,6n) 216 86 292 33
m Xe(48Ca,4n) 189 59 300 63
a symmetric system. However a symmetric system would have a higher Coulomb 
barrier.
Cross-sections were calculated using the statistical model code PACE2 and the 
results, where 4 or more neutrons are emitted, are shown in table 3.1. It can be seen 
that for a given number of neutrons emitted the maximum spin increases with the 
beam mass. However, the more symmetric beam target combinations tend to be less 
neutron rich. The exception is the xenon calcium combination. Here the neutron 
richness is due to shell effects, as 48Ca is doubly magic and 136Xe has a closed neutron 
shell. This combination gives the highest compound nucleus spin. However, spins 
over about 60 h  are lost to fission. Using 134Xe with 48Ca is clearly better; it gives 
a similar spin in the product of interest and there is much less contamination from 
other products. The main problem with this is that xenon must either be a gas 
target at room temperature or involve cryogenics to produce a frozen target. The 
alternative of a xenon beam and a calcium target is also problematic: the target is 
chemically reactive, and the emitted 7-rays would suffer from large Doppler shifts.
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The remaining reactions, while giving less spin, involve targets which are solid and 
chemically stable at room temperature. The 176Yb with 9Be combination is the most 
neutron rich, but has two problems. The required beam energy for 9Be is above the 
Coulomb barrier for reactions with collimator and beam stop materials, resulting 
in increased flux of neutrons and other radiation. Also, this energy is above that 
available for 9Be from the 14UD tandem (see below). Of the practical beam target 
combinations 13C and 170Er gives the highest spin. The optimum beam energy 
given by PACE2 for the 170Er(13C,5n) reaction (E lab =  72 MeV) differs from the 
value obtained from equations 3.1 and 3.2 ( E lab =  80 MeV). The beam energy was 
optimised by experiment, online. Singles 7-ray spectra were collected, and the energy 
of the 13C beam was chosen so that i78W  transitions dominated, with transitions 
from I77W  slightly stronger than those from 179W. Using this method the optimum 
beam energy was found to be 80 MeV. [Note that the beam loses 4 MeV in the 
4 mg.cm-2 target of 170Er.].
3.2 Ion B e a m  a n d  Accelerator
The 13C beam used in this work was produced by the 14UD tandem accelerator 
at the Australian National University, Canberra. Singly charged negative ions are 
produced by sputtering a cone isotopically enriched in 13C with caesium. These ions 
are then accelerated by a potential of about 120 kV, and injected into the tandem 
through a 90° bending magnet. This magnet selects ions of the correct mass. The 
ions are now attracted to the high positive voltage (approx. 13 M V  in this case) at
1G
the central terminal. At the central terminal the ions pass through a thin carbon 
foil, and are stripped of many of their electrons, thus becoming positively charged. 
The positive ions are now accelerated from the central terminal to the end of the 
machine. Here the beam is deflected through a 90° bending magnet, selecting ions 
in the correct charge state and energy, into the experimental area.
Bunched and chopped beams were used, to facilitate timing of the 7-decays. The 
buncher squashes the beam into individual beam bursts, by adding a periodic vari­
ation to the beam velocity. The first chopper removes 15 out of 16 beam bursts, by 
electrostatically deflecting unwanted beam, giving a 1712 ns gap between successive 
beam bursts on target. A  second chopper narrows the beam bursts to about 1 ns, 
and removes residual beam between the bursts. Using this chopper has very little 
affect 011 total beam intensity, as it removes the tails of the bursts. The RF signal 
associated with the bunched and chopped beam provided a time reference for the 
7-rays detected during the experiment.
3.3 T h e  Target
An isotopically enriched ~97% 170Er target was used. The target was 4 mg cm-2 
thick, and self-supporting. The selection of target thickness was governed by two 
competing criteria. Firstly, the product should be stopped within the target, allowing 
observation of both fast and delayed 7-decays by a detector array focussed on the 
target. Secondly, the beam’s energy loss in the target should be minimized, in order 
to maximize the reaction’s product selectivity. A recoiling tungsten nucleus with an
17
energy of 5.7 M eV has a range of about 1 mg cm”2 in erbium, and the stopping 
power for 80 MeV 13 C ions in erbium is about 1 MeV/mg cm-2 [No70]. Thus, a 
target 4 mg cm”2 thick, was selected.
3.4 G a m m a  R a y  Detection
Gamma-rays were detected using hyper-pure n-type germanium (HPGe) detectors. 
The main detector is the Compton-suppressed coaxial detector. Here the cylindrical 
HPGe crystal is surrounded by a bismuth germanate (BGO) shield. This allows 
events where the y-ray Compton scatters from the HPGe to the B G O  detector to 
be vetoed. In the C A E S A R  array, these shields are set up so that y-rays enter the 
side of the cylindrical germanium detector, unlike the more common arrangement 
(TESSA and Eurogam phase I for example) where y-rays enter through the front 
face of the germanium, and the shield has a cone-like shape which is coaxial with 
the cylinder of germanium. The advantage of the side entry setup, is that it is 
more efficient at suppressing forward scattered Compton events. This reduces the 
Compton background at low energies. A  disadvantage of the coaxial germanium 
detector is its poor charge collection when the incident y-ray has low energy (less 
than 250 keV, but especially X-ray energies of below 70 keV). This results in ‘walk’ 
of time signals, whereby the low-energy events appear to be delayed in time relative 
to high energy events. This problem is overcome by supplementing the coaxial 
detectors with thin planar HPGe detectors (low energy photon spectrometers or 
LEPS). These have good charge collection and thus no time walk down to sub- X-
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ray energies. However, the efficiency of LEPS drop off rapidly with increasing 7-ray 
energy. This is also true of the cross section for Compton scattering. Thus, the 
advantage of suppression shields is low for LEPS, and they were not used.
3.5 T h e  C A E S A R  array
The CAESAR, array is composed of 6 Compton-suppressed coaxial HPGe detectors. 
The array is focussed 011 the target position, and the detectors are angled at ±148°, 
± 97° and ±47° with respect to the beam axis. In addition 2 unsuppressed LEPS 
were positioned at ±45°.
Figure 3.1 shows a schematic of the C A E S A R  electronics. The top part shows a 
standard Compton suppression setup, which gives a logic pulse for each Ge detector 
which fires (without a B G O  veto). The coincidence electronics (in the centre of the 
figure) produce a gate if two or more pulses overlap. This gate passes the energy and 
time signals. TDCs are used for the timing. These are started by the RF pulses, 
gated by the coincidence condition, and stopped by the fast logic signals for the 
individual detectors. The RF is phase locked with the beam pulsing, thus giving 
timing relative to the beam bursts. The digitised energy and time data (4k channels 
each) are stored event by event for offline analysis.
As C A E S A R  is a relatively small array, very few higher fold events (e.g. triples) 
are collected, limiting its resolving power. Use of the time information can allow 
identification of relatively weak 7-transitions. For example, spectra of 7-rays fol­
lowing an isomer will be relatively simple, without a continuum background from
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Figure 3.1: Electronics for CAESAR. This figure is adapted from [La95]. The particle 
detector ball (PDB) was not used in the current experiment.
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In addition to the coincidence measurement (y — y — t ) , singles and prompt-gated 
(± 60 ns) angular distribution spectra were produced, and a bearn-y measurement 
was made. For the beam-y measurement the energy and time relative to the beam 
pulses of single y-ray events were recorded. The timing in this measurement used 
a common TAC in place of the individual TDCs, which allows a larger time range. 
Two time regimes were used, one with 1 ns pulses separated by 1.7 / . is and another 
with 6 ( i s wide beam bursts, separated by 160 ( i s .
Energy and efficiency calibrations were obtained using a 152Eu source placed in 
the centre of the C A E S A R  array.
3.6 C o n v e r s i o n  Electron M e a s u r e m e n t
A conversion electron measurement was pursued to help assign multipolarities to 
some key transitions in the decay path of the high-spin isomers. Electrons and y-rays 
were detected, timed relative to the pulsed beam, to obtain conversion coefficients. 
The pulsed beam (1 ns on, 1.7 ( i s off) was incident on a 1.5 mg cm-2 target whose 
plane was at 30° to the beam direction. Electrons were measured with a cooled 
Si(Li) detector, inside a superconducting solenoid operated in lens mode [Ki90]. 
Gamma-rays were measured simultaneously in a Compton-suppressed Ge detector. 
Energy and efficiency calibrations for both electron and y-ray detectors were made 
with a. 152Eu radioactive source and using internal lines. The energy dependent 
time response of the electrons and y-rays was corrected and matched spectra were
statistical y-rays.
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produced of electrons and 7-rays (see chapter 4) arriving between 50 and 400 ns 
after the beam pulse. Conversion coefficients were then obtained directly from the 
ratio of electron and 7-ray intensities, and compared with theoretical values [Ro78] 
in order to assign multipolarities.
3.7 Off-line D a t a  Analysis
3.7.1 7 - 7  Coincidences
A total of 2.6 x 10s 7-7-t events were collected. These were sorted into 5 types of 
7-7 coincidence data: (i) “prompt” coincidences, where the two detectors fire within 
±20 ns of each other; (ii) “wide prompt” coincidences where the time relationship 
is relaxed to ±160 ns; (iii) “prompt in-beam” coincidences, where the two 7-events 
are within ±20 11s of each other, and in addition occur within ±20 ns of the beam 
burst; (iv) “prompt out-of-beam” coincidences where the events are constrained to 
occur between beam bursts; and (v) “early-delayed” coincidences where the 7-events 
are separated in time by between 50 and 850ns. Each of these coincidence types is 
subdivided into (a) coincidences where both 7-events occur in coaxial germanium 
detectors (7-7); and (b) coincidences where one 7-event occurs in a coaxial ger­
manium detector and the other occurs in a planar LEPS (7-X). For each type of 
coincidence relationship, a 4096 x 4096 matrix of events was generated, and sliced 
111 order to project the appropriate background-subtracted spectra. For symmetrical 
matrices [ie. 7-7 in types (i) to (iv)] the interactive analysis program ESCL8R  by 
D.C. Radford [Ra92] was used.
3.7.2 Intensities and A ngular D istribu tions
Gamma-ray transition intensities were deduced from a combination of singles and co­
incidence spectra. For strong transitions, angular distribution (a2) coefficients were 
deduced by fitting 7-ray intensities in the prompt-gated singles spectra with the 
function W ( 9 )  =  Wo(l +  a2P2(cos0)). The prompt gating minimised the unwanted 
isomer-induced deorientation. To deduce a2 coefficients for weaker transitions above 
isomers, three early-delayed matrices were produced, one for each angle of observa­
tion of the “early” transition. Comparison of the a2 values with theoretical tables 
[Ma74] aids in multipolarity assignments as well as giving information on admix­
tures for transitions of mixed multipolarity. An / —» / — 2 quadrupole transition has 
r/,2 «  0.25, while an I  — > I  — 1 dipole has a2 «  — 0.2. An / -7 I  dipole transition 
also has o,2 «  0.25, but this ambiguity is rarely a problem, as such transitions are 
normally accompanied by a transition to a lower spin level.
3.7.3 Half-life M easurem ent
Half-lives were extracted from two types of data. A matrix was produced from 
the beam-7 events. Gating on the energies of 7-rays below isomers to project time 
spectra has the advantage of high statistical accuracy. However, if the transition is 
fed by more than one isomer then extraction of individual half-lives by this method 
can be less reliable. Therefore, coincidence events were sorted into a cube where the 
first 2 axes are the energies of the 7-rays and the third is the time difference between 
them (7-7-t). Gating on 7-rays on either side of an isomer allows the projection of a
23
time spectrum which depends purely on the isomer's half-life. Gating 011 two 7-rays 
also makes the time spectrum less liable to contamination. The disadvantage is in 
poor statistical accuracy for more weakly populated (higher lying) isomers.
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C h a p t e r  4  
R e s u l t s :  t h e  1 7 8 W  l e v e l  s c h e m e
In this chapter, the 178W  level scheme will be presented, together with intensity, 
angular distribution, timing and conversion electron data.
High spin structure in 178W  has been studied previously using the 177Hf(a,3n) 
reaction [Do79] and the 164Dy(l80,4n) reaction [I<r88]. Several rotational bands were 
identified, with the yrast and 177r =  7" bands being observed up to spin 24+ and 24~ 
respectively. Of particular interest to the present study are 4 and 6 quasiparticle 
structures above the II- level at 3055 keV, which were tentatively identified by 
Kramer-Flecken [Kr88].
The l78W  level scheme, from the current work, is presented in figures 4.1(a),(b),(c) 
and (d). A singles Compton-suppressed y-ray spectrum is shown in figure 4.2. 
Figure 4.3 shows matched y-ray and electron spectra from the conversion electron 
measurement. Transition energies with relative intensities and assignments are listed 
in table 4.1. The intensities are normalized to the intensity (1000 units) of the
236.7 keV 4+ —> 2+ transition of the yrast band, and are deduced from a combi­
nation of singles and coincidence data. The assumptions used to obtain spin and
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Figure 4.1(a): Partial level scheme of 178W, showing positive parity 0- and 
quasiparticle bands. The arrow thicknesses are proportional to intensities.
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Figure 4.1(b): Partial level scheme of 178W, showing negative parity 2-quasiparticle 
bands.
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Figure 4.1(c): Partial level scheme of 178W, showing the decay of the 2 lowest 4- 
quasiparticle intrinsic states.
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Figure 4.1(d): Partial level scheme of 178W, showing structures of seniority 4 and 
above.
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(keV)
Figure 4.2: Compton-suppressed singles 7-ray spectrum resulting from the
170Er(13C,5n) reaction at 80 MeV. Sum of all 6 coaxial detectors.
parity assignments are as follows. Only E l ,  M l  and E 2  multipolarities are consid­
ered except where half-lives are nanoseconds or longer. Directly measured conversion 
coefficients, and angular distribution a 2 coefficients, are used to support the multi­
polarity assignments and are also listed in table 4.1.
More strongly populated bands are generally assumed to be closer to yrast. For 
transition energies below about 200 keV, 7-ray intensities can be used to determine 
conversion coefficients indirectly; i.e. “missing” intensity is assumed to be due to 
electron conversion. This is especially useful for distinguishing between E l  and M l  
multipolarity for transitions with energies below about 80 keV, where conversion 
coefficients can be large but difficult to measure directly.
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Figure 4.3: Matched out-of-beam 7-ray and conversion electron spectra.
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Table 4.1: Energies, assignments, relative intensities, angular distribution coeffi­
cients, and conversion of transitions observed following the 170Er(13C,5n)178W  reac­
tion.
E7
/ke.Vft
E£ E/ Assignment6 7-ray
Intensity
a2
43.8 5312 5268 21-21 -» 20"18 9(1)
61.4 3654 3593 15+15 -+ 14“14 47(3)
68.2 3593 3525 14“14 -7 13“13 20(4)
73.6 1738 1665 7"VIII -+ 6+IV 388(15) -0.5(3)
75.5 1120 1044 3"V -+ 2~V 8(4)
88.3 1827 1738 8“VIII -> 7“VIII 100(4) -0.86(15)
103.4 3385 3282 13+12 -+ 12-11 3.0(6)
105.2 1225 1120 4-V -+ 3“V 8(2) +0.14(3)
105.8 106 0 2+1 -7 0+1 382(11) +0.14(3)
119.2 1344 1225 5-V -+ 4~V 4.0(14)
136.9 1964 1827 9-VIII -7 8-VIII 75(5) -0.53(6)
140.2 3525 3385 13-13 -+ 13+12 9(1)
150.2 3385 3235 13+12 -7 12+12 4.0(6)
150.4 3837 3686 15+14 -» 14+14 5(1)
163.6 3689 3525 14-13 -+ 13-13 41(2) -0.14(9)
163.8 1508 1344 6-V -> 5“V 4.0(8) -0.14(9)
168.0 4878 4710 18"18 -> 17+17 12(1) -0.67
168.3 2132 1964 10-viii -> 9-viii 45(2) -0.67
170.5 1835 1665 7+IV -> 6+IV 39(2) -0.52
180.6 1225 1044 4“V -+ 2"V 11(1) -0.13(2)
181.4 3235 3053 12+12 -+ 11-11 133(5)
182.9 6571 6388 25+25 -+ 24-22 29(1) 51
183.5 5063 4878 19“18 -> 18-18 55(3) 55
187.8 2023 1835 8+IV -+ 7+IV 18(2)
194.4 2327 2132 U-VIII -+ 10-VIII 22(1)
203.5 2227 2023 9+IV -> 8+IV 15(1)
206.6 5268 5062 20-18 -+ 19-18 54(4) +0.01(7)
207.4 3861 3654 16+15 -+ 15+15 49(2) +0.01(7)
211.6 3053 2841 11-11 -> 1 1 -ix 3(1)
217.5 2444 2227 10+IV -+ 9+IV 6(1)
218.5 2545 2327 12-VIII -+ U-VIII 17(1)
218.6 1763 1544 5“VI -+ 3“VI 1.0(5)
224.3 1344 1120 5-V -> 3"V 19(2)
225.6 1964 1738 9-VIII -+ 7-VIII 57(3) +0.14(10)
226.9 3686 3459 14+14 -> 13— Vila 3.0(4)
227.9 3139 2911 13+IV -+ 12+IV 2.0(4)
228.2 2672 2444 11+IV -+ 10+IV 5.0(5)
228.4 3282 3053 12— 11 -> 11-11 10(1)
ICC
L 0.159(18)
I< 0.444(26) 
I< 0.39(9)
32
E7 E7; E f  Assignment5 7 ~ra}' a2 ICC
/keV rt Intensity
230.8 3686 3455 14+14 -+ 13— VI 4.0(3)
231.2 1888 1656 8"V -+ 7-V 3.0(6)
236.7 343 106 4+1 2+1 1000(30) +0.16(3)
238.2 2784 2545 13-VIII 12'VI 9(2)
241.0 3930 3689 15“ 13 -+ 14-13 60(2) -0.09(4)
245.0 2322 2077 9“IX -+ 8~IX 2.0(6)
247.4 4084 3837 16+14 -+ 15+14 15(2)
251.0 5312 5062 21“21 -+ 19-18 3(1)
252.2 5521 5268 21-18 -+ 20-18 20(1)
254.9 2577 2322 10“IX ~+ 9~IX 8(1)
260.0 3043 2784 14-VIII -+ 13-VI 7(2)
264.4 2841 2577 11-IX -+ 10-IX 10(2)
267.5 4129 3861 17+15 -+ 16+15 43(2) +0.08(8)
269.1 3053 2784 11-11 -+ 13-VIII 4.0(12)
273.3 3317 3043 15-VIII -+ 14-VIII 6.0(15)
277.9 4208 3930 16-13 -+ 15“13 52(2) -0.12(10)
282.4 3876 3593 15-14 -> 14-14 23(1)
283.4 1508 1225 6“V  -+ 4“V 37(3)
284.4 4368 4084 17+14 -+ 16+14 11(2)
284.9 1665 1380 6+IV —> 4+gam 25(2)
287.7 6859 6571 26+25 -+ 25+25 25(2) -1.15(20)
288.5 4158 3870 17+IV -+ 16+111 5(1)
290.2 3525 3235 13-13 -+ 12+12 204(6) -0.17(6)
292.1 5813 5521 22-18 ~+ 21“18 16(1)
293.8 2348 2054 (9)VII -+ (7)VII 6.0(8)
295.6 2612 3317 16-VIII -+ 15-VIII 2(1)
299.7 4429 4129 18+15 -+ 17+15 38(2) +0.10(4)
305.7 2132 1827 10-VIII -+ 8-VIII 97(4) +0.13(4)
307.3 4515 4208 17-13 -+ 16-13 34(2)
307.9 1964 1656 9”VIII -+ 7-V 13(2)
309.9 4678 4368 18+14 -+ 17+14 9(1)
311.7 1656 1344 7-V 5~V 41(3) -0.02(8)
312.0 2076 1764 7-VI -+ 5~VI 10.0(5) -0.02(8)
313.5 5226 5312 22-22 -+ 21-21 76(5)
313.8 2355 2042 10"V —> 9-V 1.0(1)
318.8 1827 1508 8-VIII -+ 6“V 14(1)
323.9 4752 4429 19+15 -+ 18+15 29(2)
325.3 5999 5674 23-22 -+ 22“21 14(1)
I< 0.106(7)
K  0.244(15)
K  0.027t?:§|£
I< 0.068(14)
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E7 Ej Ef  Assignment6 7 -ray a2 ICC
/keV" Intensity
325.8 6138 5813 23~18 -4  22“18 12(1)
327.5 8474 8147 29(28) -4  28(28) 3(1)
328.0 5006 4878 19+14 -4  18+14 8(1)
336.9 6388 6051 24-22 -4 23-21 6(3)
339.6 2077 1738 8-IX -4 7-VIII 7(2)
343.1 5095 4752 20+15 -4 19+15 22(4)
351.4 694 343 6+1 -> 4+1 750(22) +0.26(3)
354.3 6493 6138 24-18 -4  23“18 10.0(8)
357.0 7216 6859 27+25 -4  26+25 17(1) +0.04(20)
358.4 2322 1964 9-IX -4 9-VIII 7(1)
358.6 2023 1665 8+IV -4 6+IV 32(2)
358.7 5454 5095 21+15 -4  20+15 20(1)
359.9 1915 1556 8+III -+ 6+III 6.0(4)
361.5 5674 5312 22-21 -4  21-21 40(3)
363.1 2327 1964 U-VIII -4 9-VIII 107(4) +0.28(4)
363.3 4878 4515 18-18 -4  17”13 51(4) 55
363.8 3209 2845 14+111 -4  12+111 3.0(15) 5
370.2 2718 2348 (ll)VIII -4  (9)VII 15(1)
371.3 5826 5454 22+15 -4  21+15 15(1)
373.3 5999 5626 23-22 -4 22-22 46(2)
377.4 6969 6592 25+15 -4  24+15 5(1)
377.7 6051 5674 23-21 -4 22-21 20(2)
378.5 6871 6493 25-18 -4  24-18 8.0(7)
379.8 1888 1508 8~V -4  6-V 31(1) +0.18(14)
380.5 6206 5826 23+15 -4  22+15 9(1)
382.5 3870 3488 16+111 -4  16+1 7.0(8)
385.6 2042 1656 9“V  -4 7~V 41(2) +0.06(7)
386.0 6592 6206 24+15 -4 23+15 8(1)
389.1 6388 5999 24“22 -4  23-22 48(3) +0.47(15)
389.5 3235 2845 12+12 -4 12+11 3.9(8)
390.4 6983 6592 25+15 -4  24+15 1.0(5)
391.6 2227 1835 9+IV -4  7+IV 42(3) +0.18(7)
392.1 2468 2076 9-VI -4  7-VI 13(1)
393.7 1738 1344 7-VIII -4  5-V 30(3)
394.0 7610 7216 28+25 -4  27+25 8.0(6) +0.49(20)
394.8 6446 6051 24-21 -4  23-21 4.0(8)
398.4 4498 4099 18+111 -4  18+0 3.0(8)
399.1 7270 6871 26-18 -4  25“18 4.0(6)
K  0.0421(26)
I< 0.0941(89)
K  0.0584(51)
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E7
/keV°
Ei E / Assignment5 7-ray
Intensify
405.0 3930 3525 15“13 -+ 13“ 13 2.0(1)
405.8 6794 6388 25"22 -+ 24“22 6.0(9)
411.3 6857 6446 25~21 -+ 24~21 2.0(8)
412.9 2545 2132 12-VIII -+ 10-VIII 101(4)
417.8 7688 7270 27-18 -+ 26"18 2.0(5)
420.9 2444 2023 10+IV -> 8+IV 24(1)
421.8 8896 8474 30(28) -+ 29(28) 2.0(4)
422.6 7217 6794 26-22 -+ 25-22 4.0(8)
423.1 8033 7610 29+25 -+ 28+25 4.0(6)
423.8 2339 1915 10+111 -+ 8+III 7(1)
429.1 7286 6857 26“21 -+ 25-21 1.0(6)
430.8 3235 2803 12+12 -+ 12+111 9.0(14)
438.7 7655 7217 27“22 -+ 26“22 1.0(5)
443.8 3162 2718 (13)VII -> (ll)VII 28(1)
444.1 2577 2132 10-IX -+ 10-VIII 2(1)
445.5 2672 2227 11+IV -+ 9+IV 36(2)
447.4 1141 694 8+1 -+ 6+1 480(15)
447.9 2489 2042 11~V -+ 9-V 34(1)
448 9344 8896 31(28) -+ 30(28) 1.0(7)
450.0 8482 8033 30+25 -+ 29+25 1.0(5)
451.3 3686 3235 14+14 -+ 12+12 8(1)
451.8 3660 3209 16+11 -> 14+11 6(1)
456.8 2784 2327 13~VIII -+ 11-VIII 84(3)
458.8 5521 5062 21~18 -+ 19-18 3.5(28)
459.9 3318 2858 14+111 -+ 14+1 11(1)
464.3 2803 2339 12+111 -+ 10+III 8.0(14)
465.1 2933 2468 11-v i -+ 9-vi 25(1)
466.7 3139 2672 13+IV -+ 11+IV 24(2)
466.9 2911 2444 12+IV -+ 10+IV 6.0(12)
467.4 2355 1888 10-V -+ 8“V 22(1)
473.5 3612 3139 15+IV -+ 13+IV 16(1)
474 8956 8482 31+25 -+ 30+25 < 1
474 9818 9344 32(28) -+ 31(28) < 1
475.1 4129 3654 17+15 -+ 15+15 3.0(18)
476.0 3053 2577 11-11 -> 1 0 -ix 12(1)
494 9450 8956 32+25 -+ 31+25 < 1
494.9 2322 1827 9-IX -+ 8“VIII 8(1)
497.7 4158 3660 17+IV -+ 16+11 5.0(12)
a-2
+0.19(8)
+0.42(26)
+0.24(3)
+0.34(30)
+0.38(34)
ICC
K  0.049(8)
I< 0.0334(25)
K  0.068(25) 
I< 0.0211(47)
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E7 Ej E / Assignment1' 7 -ray a2 ICC
/keV “ Intensity
498.1 30 4 3 2545 14 -V III -+ 1 2 -V III 7 9 (3 ) + 0 .2 4 (7 )
500.3 15 4 4 1044 3 - VI -> 2 "V 2 .(6 )
505.0 2 9 9 4 24 8 9 1 3~V -> 1 1 -V 3 3 (1 ) + 0 .2 8 (1 5 )
507.6 3 0 5 3 25 4 5 1 1 - 1 1  -+ 1 2 -V III 1 1 (2 )
508.6 3 4 2 0 2911 14+IV -> 1 2+IV 1 9 (2 )
512.0 3 6 7 4 3162 (15 )VII -> (1 3 )VII 2 7 (1 )
514.6 1656 1141 7 -V  -> 8+1 1 3 (1 )
515.0 3 3 1 8 2 8 0 3 14+111 -> 12+111 1 1 (1 )
520.0 4 2 0 8 3 6 8 9 16“ 13  -> 1 4 " 1 3 1 1 (2 )
522.1 34 5 5 2933 13-v i -+ 11 -v i 1 6 (1 )
523.6 1665 1141 10+1  -+ 8+1 3 7 0 (1 5 ) + 0 .2 2 (3 )
526.3 3 4 5 9 29 3 3 13-v iia  -> 11-v i 1 2 (1 )
533.0 3 3 1 7 2 7 8 4 1 5 -V III -> 13 -V III 7 6 (3 ) + 0 .2 2 (6 )
538.8 1764 1225 5 -V I -> 4 “V 6 .0 (5 )
544.9 51 8 3 52 6 8 2 2 - 1 8  -> 2 0 “ 18 4 .5 (1 1 )
545.6 4 1 5 8 3 6 1 2 17+IV -+ 15+IV 1 3 (1 )
545.6 2901 2355 12“V -> 1 0 -V 1 9 (1 )
546.4 26 8 2 2136 1 0+ -*  8+ 9 (2 )
552.3 3 2 3 5 26 8 2 1 2 + 1 2  -> 1 0+ 1 7 (3 )
552.4 3 8 7 0 33 1 8 16+111 -> 14+111 1 7 (2 )
559.3 2 8 0 3 2 2 6 4 12+III -> 12+1 2 3 (2 )
563.4 3 5 5 8 2994 1 5 -V  -> 1 3 "V 2 9 (1 )
563.9 3 0 5 3 2 4 8 9 11-11 -> 11-v 4 .2 (7 )
564.2 3 2 3 5 26 7 2 1 2 + 1 2  -> 11+IV 8 (2 )
565.0 42 3 9 3 6 7 4 (1 7 )VII -> (1 5 )VII 2 0 (1 )
567.5 4 4 2 9 3861 1 8 + 1 5  -+ 1 6 + 1 5 6 (1 )
568.7 36 1 2 3043 1 6 -V III -+ 1 4 -V III 7 4 (3 ) + 0 .1 9 (8 )
572.0 2911 23 3 9 12+IV -> 1 0+III 9 (2 )
578.9 2 2 4 4 1665 12+1  -> 10+1 2 3 5 (1 8 ) + 0 .1 7 (4 )
585.6 4 5 1 5 39 3 0 1 7 - 1 3  -+ 1 5 “ 13 1 4 (1)
587.1 4 2 4 7 36 6 0 18+11  -> 16+11 1 4 (1 )
588.9 4 0 0 9 34 2 0 16+IV -+ 14+IV 1 7 (1 )
594.7 4 2 2 7 3 6 3 2 1 6 + 1 2  —> 1 4 + 1 2 1 .0 (3 )
595.1 3 9 1 2 3 3 1 7 1 7“VIII -> 1 5 -v m 7 3 (4 )
596.5 48 3 5 4239 (1 9 )VII (1 7 )VII 2 0 (2 )
611.8 40 9 9 34 8 8 18+1  -+ 16+1 7 1 (4 ) + 0 .4 0 (1 6 )
612.9 25 7 7 1964 1 0 -ix  -+ 9 -V III 9 (2 )
613.4 3 5 1 4 2901 1 4 -V  -+ 12 "V 1 1 (1 )
I< 0.0167(45) 
K  0.0202(19)
I< 0.021(9)
K  0.0160(48)
I< 0.037(20)
I< 0.0117(29)
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e7
/keV“
E, E / Assignment6 7-ray
Intensi
614,2 2858 2244 14+1 12 + 1 160(5)
616.5 3420 2803 14+IV -+ 12+III 20(2)
617.9 6138 5521 23“18 -> 21“18 5.0(8)
623.7 4752 4129 19+15 -+ 17+15 6(1)
624.7 4183 3558 17_V  -+ 15-V 24(1)
625.3 4237 3612 18-VIII -+ 16“VIII 54(3)
625.4 5460 4835 (21)VII -+ (19)VII 14(2)
627.3 4498 3870 18+111 -+ 16+111 16(2)
629.6 3488 2858 16+1 -> 14+1 114(5)
630.2 4730 4099 20+1 -> 18+1 40(3)
637.7 5004 4368 19+14 -+ 17+14 1.7(5)
639.2 4797 4158 19+IV -+ 17+IV 28(3)
643.4 4555 3912 19-VIII -+ 17“VIII 44(2)
645.0 7216 6571 27+25 -> 25+25 4.0(4)
650.3 1344 694 5-V -» 6+1 27(2)
654.1 4663 4009 18+IV -+ 16+IV 11(2)
656.7 4171 3514 16”V  -+ 14“V 5.0(7)
662.2 4833 4171 18~V -+ 16"V 2.0(4)
667.1 5095 4429 20+15 -+ 18+15 6(1)
667.5 4905 4237 20“VIII -+ 18-VIII 36(2)
670.9 4878 4208 18-18 -+ 16~13 20(1)
674.7 2339 1665 10+111 -+ 10+1 16(1)
676.0 6136 5460 (23)VII -+ (21)VII 10(1)
678.2 5233 4555 21 -VIII -+ 19-VIII 34(2)
680.7 6493 5813 24-18 -+ 23"18 3(1)
680.9 4863 4183 19~V 17“V 17(1)
686.1 1380 694 4+gam —* 6+1 12(2)
686.8 5999 5312 23~22 -+ 21"21 5(1)
689.1 3235 2545 12+12 -+ 12-VIII 2.3(6)
690.0 5168 4498 20+111 -+ 18+111 12(2)
693.6 4941 4247 20+11 -+ 18+11 24(2)
697.5 5602 4905 22“VIII -+ 20-VIII 26(2)
698.6 5428 4730 22+1 -+ 20+1 34(2)
699.9 3558 2858 15"V -+ 14+1 3.0(8)
702.2 5454 4752 21+15 -+• 19+15 11(2)
704 5537 4833 20“V  -+ 18“V 1.5(7)
705.8 5939 5233 23-VIII -+ 21-VIII 22(2)
713.6 5577 4883 21~V -+ 19“V 7.0(8)
+0.27(6)
&2
+0.52(8)
+0.28(6)
+0.42(12)
-0.16(14)
ICC
K  0.0094(21)
37
E7
/keV"
Ei E / Assignment5 7-ray
Intensi
718.3 5906 5168 22+111 -+ 20+111 9(1)
721.9 6299 5577 23~V -> 21"V 3.0(6)
726.6 3053 2327 11~11 ii-vm 3(1)
728.8 5526 4797 21+IV -+ 19+IV 11(2)
729.5 6332 5602 24-VIII -+ 22”VIII 14(1)
730.5 5826 5095 22+15 -+ 20+15 8(1)
734,1 6871 6138 25~18 -+ 23-18 3(1)
745.4 6685 5939 25-VIII -7 23-VIII 12(1)
746.9 5688 4941 22+11 -+ 20+11 16(2)
749.7 6886 6136 (25)VII -+ (23)VII 6(1)
750.6 2994 2244 13"V -+ 12+1 5(1)
751.3 7610 6859 28+25 -> 26+25 6.0(6)
752.1 6206 5454 23+15 -» 21+15 8(1)
759.7 4247 3488 18+11 16+1 28(2)
762.9 6388 5626 24-22 -+ 22"22 21(2)
763.9 6969 6206 25+15 -+ 23+15 4(1)
765.5 6194 5428 24+1 -+ 22+1 18(2)
767.0 6592 5826 24+15 -+ 22+15 5.0(8)
772.4 6446 5674 24~21 -+ 22-21 2(1)
774.1 1915 1141 8+III -> 8+1 9(1)
777.3 1120 343 3-y _> 4+1 29(2)
778.5 7270 6493 26"18 -+ 24"18 1.0(5)
780.5 7112 6332 26-VIII -> 24-VIII 8(1)
790.9 3235 2444 12+12 -> 10+IV 7(2)
795.1 6483 5688 24+11 -+ 22+11 10(1)
795.4 6794 5999 25-22 -+ 23-22 4(1)
802.6 3660 2858 16+11 -7 14+1 22(2)
803.2 6329 5526 23+IV -+ 21+IV 2(1)
804.6 7489 6685 27-VIII 25-VIII 6.0(9)
806.2 6857 6051 25“21 -7 23-21 1.0(5)
817.0 7688 6871 27"18 -> 25~18 < 1
817.8 8033 7217 29+25 -> 27+25 4.0(8)
822.7 7016 6194 26+1 ^  24+1 10(1)
823.6 1964 1141 9~VIII 8+1 7(2)
824.6 2489 1665 11-v 10+1 9.0(7)
828.8 7217 6388 26-22 24-22 4(1)
833.3 7719 6886 (27)VII (25)VII 5(1)
840.5 7286 8446 26-21 -> 24-21 3(1)
a-2
+0.24(20)
-0.33(14)
ICC
I< 0.0081(17)
38
E7
/keVa
E?; E/ Assignment5 7-ray
Intensii
841.7 4941 4099 20+11 —> 18+1 10(1)
846.3 7329 6483 26+11 -> 24+11 6(1)
848.7 7981 7112 28“VIII —> 26-VIII 6.0(8)
861.9 1556 694 C+III 6+1 8(2)
862.2 7655 6794 27-22 -> 25-22 3(1)
870 9344 8474 31(28) -> 29(28) < 2
872.6 8482 7610 30+25 -+ 28+25 3(1)
875.4 8366 7469 29-VIII —* 27-VIII 4.0(6)
880.3 7897 7016 28+1 -+ 26+1 5(1)
882.4 1225 343 4“V  -> 4+1 23(1)
895.9C 2037 1141 ? —> 8+1 16(2)
900.1 2042 1141 9-V 8+1 15(1)
907.8 3235 2327 12+12 -> 11-VIII 2.3(7)
912.1 2054 1141 (7)VIII—> 8+1 3(1)
920.8 3053 2132 11-11 -> 10-VIII 34(2)
922 9818 8896 32(28) -+ 30(28) < 1
924 8956 8033 31+25 — > 29+25 2(1)
930.9 8147 7216 28(28) -> 27+25 6(1)
938.6 1044 106 2“V  -> 2+1 47(3)
958.6 5688 4730 22+11 -> 20+1 2.0(4)
962.1 1656 694 7~V -A 6+1 19(1)
964.7 3209 2244 14+11 — ¥ 12+1 11(1)
966 4878 3912 18“18 -> 17“VI 3.0(9)
968 9450 8482 32+25 -> 30+25 < 2
970.7 1665 694 6+IV -> 6+1 164(6)
991.0 3235 2244 12+12 -> 12+1 12(2)
994.2 2136 1141 8+ -> 8+1 6(1)
1001.9 1344 343 5-V -> 4+1 12(1)
1012.1 3053 2042 11-11 -> 9“V 2.4(6)
1014.5 1120 106 3“V  2+1 3.0(8)
1016.9 2682 1665 10+ -> 10+1 10(2)
1037.4 1380 343 4+gam —> 4+1 24(2)
1052.8 2718 1665 (ll)VII -> 10+1 10(1)
1057.0 4710 3654 17+17 -> 15+15 14(1)
1089.6 3053 1964 11-11 -A 9-VIII 43(3)
1150.6 4009 2858 16+IV 14+1 5.0(8)
1176.0 3420 2244 14+IV —> 12+1 10(1)
1180.3 2845 1665 12+11 -> 10+1 17(1)
a2
-0.09(16)
-0.03(12)
-0.45(20)
-0.1 2 (10)
-0.05(15)
-0.06(5)
+0.07(10)
ICC
I< 0.0067(11)
I< 0.0097(10) 
I< 0.0071(14)
K  0.0071(14)
K  0.0026(9) 
I< 0.0031(5)
39
E7
/keVa
E?: Ey Assignment5 7-ray a2 
Intensity
ICC
1206.4 2348 1141 (9) VII -> 8+1 11( 1)
1246.3 2911 1655 12+IV -7 10+1 8(1)
1266 4878 3612 18-18 -> 16“VIII 2.0(8)
1274.2 1380 106 4+gam — y 2+1 15(2) +0.13(28) I< 0.0027(12)
1322.4 1665 343 6+IV -> 4+1 271(9) +0.01(4) I< 0.00217(25)
1326.9 2468 1141 9-VI -7  8+1 7.0(7)
1360.0 2054 694 (7) VII -7 6+1 8(1)
1382.1 2076 694 7-VI -7 6+1 4.0(7)
1388.5 3053 1665 11-11 -7 10+1 4(2)
1442.4 2136 694 8+ -7 6+1 4(1)
1450.6C 3694 2244 ? -7 12+1 7(1)
1478.7C 3144 1665 ? -7 10+1 4.0(6)
1541.9 2682 1141 10+ 8+1 6(1)
1570.6 3235 1665 12+12 -7 10+1 16(2)
l7~ ray energies have ,an accuracy of ± 0.1 keV apart from weak transitions where
they are given to the nearest keV.
5The assignment consists of the spins and parities of the initial and final states as 
well as their band labels. 0- and 2-quasiparticle bands are labelled I to IX, while the 
higher seniority states are labelled with their It-values. 
c Assigned to I78W  but not shown in the level scheme.
The results of the time measurements, from both 7 — 7— time difference and
beam— 7 methods are shown in table 4.2
The 0- and 2-quasiparticle band assignments are discussed in the next section, 
followed by the 4-, 6- and 8-quasiparticle bands in section 4.2.
4.1 Z ero a n d  T w o  Quasiparticle Structures
Low seniority bands are observed based a variety of structures, including vibrational 
excitations, and 2-quasiparticle excitations coupled to both high and low JT-values. 
Interband interactions are very important to the observable properties of these struc­
tures, and result in splitting of signatures and upbends (backbends). States near the 
base of a band will be less mixed in configuration, so the assignment of a quasiparticle
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Table 4.2: Half-lives of intrinsic states.
K * jqjlevel
(keV)
rplevel 
1 1/2
(ns)
7-gates
‘Early’ (keV) ‘Delayed’ (keV)
6+ 1665 3(1) 359, 392, 421, 446, 467 971, 1322
7” 1738 8(l)a 306, 363, 413, 457, 498, 533 971, 1322
11“ 3053 <  26 278, 307, 520, 586, 671 921, 1090
12+ 3235 <  1 290 524, 579, 991, 1571
13“ 3525 <  1 278, 307, 520, 586, 671 290
14“ 3593 3(l)c 282 290
15+ 3654 30(l)f/ 267, 300, 324, 343, 359, 567, 624 290
18” 4878 < 3 292 363, 671
21“ 5312 64(2) 314, 373, 389 207, 363, 671
25+ 6571 220(10) 314, 373, 763e
28” 8147 < 5 328 931
"Gates across 6+ and 7“ isomers: 6+ lifetime subtracted from centroid.
6Gates across 11”, 12+ and 13” levels: 11” half-life less than total.
“Gates across 13” and 14”: assumes 13” half-life is zero.
Gates across 13”, 14” and 15+: small half-life of 14” level assumed to have negligible 
effect on slope. 
flBeam-7 gates.
configuration is still possible, especially for the high K  couplings. These assignments 
are aided by plots of rotational alignment (fig. 4.4). The alignment depends prin­
cipally on the number of i2 3/2 neutrons and h9/2 protons in the multi-quasiparticle 
configuration, as these nucleon orbitals experience strong Coriolis effects. Bands 
whose configurations contain the same aligning quasiparticles have similar align­
ment curves. The detailed configuration assignments depend also on a comparison 
with Nilsson model calculations (see chapter 5). In addition, the alignment plots 
highlight any bandcrossing taking place, and give some indication of the structure
after the crossing.
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Figure 4.4: Alignments as a function of rotational frequency, with reference parame­
ters J o  =  28 MeV -1 h 2 and J \  —  73 M e V -3/7/4: (a) positive parity bands of seniority 
0 or 2; (b) negative parity bands of seniority 0 or 2
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Figure 4.5: In beam 7 — 7 spectra: a) 823 keV gate showing band I; b) 760 keV gate 
- band II.
4.1.1 The K n =  0+ y rast g round-sta te  band (band I)
The band based on the ground state (g-band) of L78W  was known previously [Kr88] 
up to F  =  24+ and has been extended in the present work up to F  =  28+. For 
the higher-spin transitions, useful angular distributions cannot be obtained, and the 
corresponding spin assignments are tentative. As with some of the other high-spin 
band extensions, E2 assignments are suggested on the basis of the regular energy 
sequence, characteristic of quadrupole rotation.
The band backbends at Ti u j  —  0.31 MeV (1=18) due to the alignment of two i n .  
neutrons. The alignment can be interpreted as a band-crossing effect. In this case 
the energetically unfavoured sequence is identified as the yrare band (next section).
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Band I, remains yrast up to 1=24, but at higher spins the I <77 = 25+ band (section 
4.2.10) is the most energetically favoured.
4.1.2 The yrare  band (band II)
This band is observed for the first time in this work. Transitions from this band are 
seen populating members of the yrast band between spin 10 and 20. A gate on the 
760 keV transition gives the spectrum shown in fig. 4.5b). The strong population 
of this band and the a 2 value of +0.24(20) for the 760 keY transition suggest that 
these interband transitions are of stretched quadrupole character. Thus we identify 
the band as an even-spin, positive-parity sequence extending from spin 12 to 26. 
This makes it the second-lowest positive-parity band from spin 14 to spin 24. It 
comes within 148 keV of band I at spin 18 where a crossing seems to take place (see 
section 5.1). This band may therefore be interpreted as having the aligned (ii.3/2)2 
configuration below I =  16, and the g-band configuration following the g-s crossing 
at I = 18.
4.1.3 T he = 0+ /1-band (band III)
This band was seen previously [Do79] up to I77 —  14+ and was assigned K 77 = 0+ ( 3 -  
vibrational structure (i.e. K = 0 quadrupole vibration). It is extended up to I77 =  22+ 
in the current work. Al = 0 transitions to the g-band are seen up to I =  18. It 
upbcnds (fig 4.4) at h u > x «  0.25 MeV, which can be explained by a crossing at I77 = 
14+ between the /1-band and the A 77 =  6+ band (next section).
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4.1.4 T he K n= 6+ band  based on the  1665 keV level (band
IV)
The level at 1665 keV, which is here measured to have a half-life of 3ns in agreement 
with Canty e t at[Ca76], was assigned as a K n  =  6+ bandhead with quasiparticle 
configuration /v{|[514],|[512]} by Dors e t a/.[Do79] who observed the even (odd) spin 
signature up to F  = 10+ (13+). Here we have extended the even (odd) spin signature 
up to Fr =  18+ (23+). Fig. 4.4 shows that the band upbends at the anomalously 
low frequency of h u ) x  —  0.21 MeV, indicative of a crossing about 1.3 MeV above the 
bandhead (cf. band I where the crossing is at about 4 MeV). This low crossing energy 
suggests that the crossing bands are of the same seniority. An aligning particle 
is needed in the crossing band which could have the K 71 =  5+, 7r{+[541],|[514]} 
configuration. From spin 12 upwards significant signature splitting is seen with 
the odd spins favoured. This appears to be due to a crossing between the even-spin 
signature and the K *  —  0+ /1-band. This explanation is supported by the observation 
of Al =  2 transitions from the F  =  12+ and 14+ members to the /3-band and from 
the 12+, 14+ and 16+ members to the g-band, and by the observation of a transition 
from the 17+, K  —  6 band member to the 16 +,/3-band level. Thus the even-spin 
sequence is interpreted as having two crossings, with changes in configuration, while 
its odd-spin partner has only one. Band crossings and interband transitions will be 
discussed further in section 5.1.
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4.1.5 T he K n=2 band based on th e  1044 keV level (band 
V)
The low-A, negative-parity sequence has been assigned octupole structure by Faber 
e t flt[Fa76]. The signatures of this octupole band rapidly split, with the odd-spin 
members energetically favoured. The even (odd) spin sequence was known previously 
[I<r88] up to I77 —  16“ (19") and is extended here to I77 = 20“ (23“). New cascade 
(AJ=1) transitions from 8“ to 7“ and 10” to 9” are seen, as well as transitions from 
the 13” and 15“ levels to, respectively, the 12+ and 14+ members of the g-band. Fig
4.4 shows that the even and odd spin sequences start to upbend at Ti u j  —  0.33 M e V  
arid h c o  =  0.36 MeV respectively. The even-spin sequence is observed to have a weak 
component of delayed feeding up to I =  14. The source of this isomeric feeding has 
not been established, in the current work.
4.1.6 The band above th e  1544 keV level (band VI)
This band has been reported by Kramer-Flecken [Kr88] and is extended here to 
lower spin by one transition to I77 =  (3”). It is observed to decay to the A 77 =  
2” octupole band and to the g-band. Its configuration may possibly be due to an 
unfavoured octupole coupling, although the spin assignments are tentative. At the 
top of the band, two I77 — (13”) levels are observed, separated by 4 keV (the upper 
one is labelled Via). Both I77 =  (13") levels are fed from high-A structures. The 
appearance of an extra I77 =  (13") level is interpreted as being due to a chance 
near degeneracy between high and low A, I = 13 levels. This could explain both
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the feeding from the high-K ,  3686 keV level (see section 4.2.6), and the subsequent 
decay to the low-A' band (band VII).
4.1.7 The band above th e  2054 keV level (band V II)
The 2054 keV level was first observed by Kramer-Flecken [I<r88] who identified 7 
members of the band above it. We add another three transitions to the top of the 
band. The 2054 keV level was tentatively assigned [Kr88] as I = (8). If this was 
true the levels of the band above spin 24 would cross below the yrast band (band 
I), which is inconsistent with the relative feeding of the two bands. Unfortunately, 
the interband transitions from the 3 lowest band members are too weak to measure 
7-ray anisotropies. The 2054 keV level is tentatively assigned I =  (7). The resulting 
alignment curve, assuming K  =  0 (fig. 4.4) is similar to that for the I ( n =7 
band. This could possibly result from the same pair of quasi-neutrons as in the K n  
=  7 ~  band, ?/{|[633],|[514]}, but coupled to K w =  0”. The band upbends at about 
h u > = 0.30 MeV.
4.1.8 The K n—7~ band  based on th e  1738 keV level (band 
V III)
The level at 1739 keV is here measured to have a half-life of 8±1 ns, comparable 
with 9.6T0.5 ns measured by Dors e t at[Do79] who assigned the level the K n =  7“, 
u {  | [633],| [514]} configuration . The band’s alignment (fig. 4.4) is consistent with 
the presence of an im neutron. The even (odd) spin signature (spectra in fig. 4.6) 
was seen previously [Kr88] up to V  —  24“ (23“) and is extended here to I7r =  28“
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Figure 4.6: In beam 7 — 7 spectra: Band VIII a) Odd spin sequence - 643 keV gate. 
Ground band transitions are marked {x\ b) Even spin sequence 569 keV gate.
(29_). Both signatures upbend at about h w x  —  0.32 MeV. There is a slight signature 
splitting in which the odd-spin sequence is favoured. The I < n =  7“ band is the lowest 
lying, negative-parity band in 178W  from spin 8 upwards. / —» / — 2 transitions are 
seen from the I *  —  7“, 8“ and 9" to band V. In addition an 824 keV transition 
is seen from the 9“ member of the K n = 7“ band to the 8+ member of the g-band. 
These branches are interpreted as being due to mixing between the K n = 7 ~  band 
and the K n = 2 ~  octupole band, which cross between 1  —  7  and 1  =  9 .
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4.1.9 T he K n=8 band  based on th e  2077 keV level (band 
IX)
This weakly populated structure is identified for the first, time in this work. A  group 
of transitions were observed indirectly linking the A 77 = 11“ level at 3053 keV to 
band VIII. The 4 members of band IX (assigned I77 =  8” to 11“) are linked by 3 
Al =  1 transitions, and the lower 3 members have decay branches to band VIII, 
while the top two are fed directly from the A 77 =  11“ level (see fig. 4.1(c)). This 
band is tentatively assigned the A 77= 8”, /^ {|[624],|[514]} configuration which mixes 
strongly with the A 77=7“, /^ {|[633],|[514]} configuration (band VIII). The Coriolis 
mixing between these configurations will be discussed in section 5.2.
4.1.10 O ther 2-quasiparticle s truc tu res
A  small number of additional, 2-quasiparticle levels are identified, and are shown in 
part (c) of the level scheme. A  pair of levels are seen at 2136 and 2682 keV and are 
assigned I77 =  8+ and 10+ respectively. They are connected by a 546 keV transition 
and both decay to the g-band by Al =  0 and Al =  2 transitions.
4.2 Four, Six, a n d  Eight Quasiparticle Structures
In contrast to the variety of structures for the lower seniority bands, the observed 
high seniority bands are exclusively interpreted as being based on the highest A  cou­
plings of quasiparticle spin (i.e. P l \ +  +  •••)• =  1 transitions are observed
along the entire length of these high A  bands, and no signature splitting is seen.
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With one exception, upbends (bandcrossings) are not observed, and thus each rota­
tional sequence is dominated by a single configuration. Configuration assignments 
are again aided by alignment plots (fig. 4.7).
4.2.1 T he K w -  11“ level a t 3053 keV
This level was first observed by Dors et al.[Do79]. In the present study new branches 
depopulating this level are seen going to the 77r = 10+ member of the g-band, the 
I n  — 9" and 11“ members of band V, and the /“ = 10“ and 11“ members of band 
IX (see fig.4.1 part c). The 3053 keV level is tentatively assigned the K *  =  11“, 
/^ {l[521],|[512],|[514],|[624]} configuration (see section 5.3). Apart from strong- 
feeding via a 181 keV transition, a 228 keV transition is seen populating the level 
and is tentatively assigned as the first member of the K 77 = 11“ band (see fig.4.1, 
part d).
4.2.2 The K 77 -  12+ level a t 3235 keV
This 3235 level has been observed previously [Do79, Kr88]. New branches depop­
ulating this level are seen going to the J7r =  10+ and 11+ members of the K  =  6 
band, the I *  =  11“ and 12“ members of the K  =  7 band, the I *  =  12+ member 
of the /3-band, and the I n =  10+ level at 2682 keV. These transitions confirm that 
the level has J7r = 12+. Two possible K *  = 12+ configurations are calculated (see 
section 5.2), the /v{b[521],|[633],|[514],|[624]} configuration at 2835 keV and the 
/y{|[512],|[514]}®7r{|[402],|[404]} configuration at 3351 keV. In all, there are ten 
decay branches to states with assigned K  values ranging from 0 to 11. From time-
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ITCD (MeV)
Figure 4.7: Alignments as a function of rotational frequency, with reference param­
eters J o  —  28 M e V "1/}2 and J x —  73 MeV"3/?.4: (a) 4-quasiparticle bands; and (b) 6 
and 8-quasiparticle bands.
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centroid analysis, the half-life of the 12+ level is determined to be < \  ns. The low 
reduced hindrance values of the 7-ray decays are discussed in section 5.5.
No rotational band is observed based on either the 3235 keV, 12+ level, or the 
3053 keV, 11“ level (previous section). This is probably because they lie well above 
the yrast line. They are strongly populated by transitions from other high-A" states 
which are themselves closer to the yrast line.
4.2.3 T he band  based on th e  PC* — 13“ level a t 3525 keV
The 3525 keV level (shown in fig. 4.1 part d) and many of the transitions above it 
have been observed by Kramer-Flecken [Kr88]. However, the present study makes 
substantial changes to the ordering of transitions and assignment of levels. The 
3525 keV state had been previously assigned as I  —  14 011 the basis of 7— ray an­
gular correlation data, which were taken as evidence of quadrupole multipolarity 
for the 290 keV transition [Kr89]. We make a different and firm assignment of Al 
multipolarity, on the basis of the K — conversion coefficient for the 290 keV transi­
tion [ d K  =  0.027to!oo7? theory aj^Al) =  0.021, a ^ ( E 2 )  =  0.068] giving I n =  13“ 
for the 3525 keV level. Also, no transition is seen between this level and the 
I n  =  12+ member of the g-band, contrary to the earlier placement [Kr89]. Previously 
[Do79, Kr89, Kr88] this level was assigned a half-life of 35 ns. This is inconsistent 
with the prompt time relationship observed between transitions above and below the 
level which establishes T 72 < J ns. Instead, a 30±'l ns isomer is separated from the 
/7r =  13“ state by a pair of low-energy transitions (see next subsections). The band
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Figure 4.8: Out of beam X — 7 spectra: a) 290 keV gate - 7-rays assigned to 178W  
are labelled; b) 278 keV gate - X-rays are labelled.
based on this level is seen up to I77 =  17“, with both cascade and crossover tran­
sitions. The level is assigned the i/{l[633],|[514]}(8>7r{|[402],|[404]} configuration 
(see section 5.4).
4.2.4 T he JT7r =  14" level a t 3593 keV
Two low-energy transitions, of 68 and 61 keV, are seen in series above the I<77 =  13“ 
level using X -7 coincidence spectra, figure 4.8. Their observation illustrates the use­
fulness of the LEPS detectors, in allowing prompt coincidence with higher energy 
7-rays (due to lack of time walk), and in resolving them from the Tungsten X-rays. 
Their ordering is determined from the presence of a 282 keV transition in coincidence 
with the 68 keV transition but not the 61 keV transition. The 68 and 61 keV transi-
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Figure 4.9: Summed time difference spectrum across the 3654 keV level. For 7-gates 
see table 4.2
tions are respectively determined to be of Ml and El multipolarity from the intensity 
balances. Thus we establish an Z77 =  14“ level at 3592 keV (and an J77 =  15+ level 
at 3654 keV), which is assigned the A 77 =  14“, i/{|[512],|[514]}®7r{|[404],|[514]} 
configuration (see section 5.2). The 282 keV transition is assigned as the first m e m ­
ber of the A 77 =  14“ band. The 3592 keV level is measured to have a half-life of 
3 ns.
4.2.5 T he band  based on th e  K 71 =  15+ isomeric level a t 3654 
keV
The 3654 keV level is assigned a half-life of 30 ns (figure 4.9) which was previ­
ously [Do79, Kr89, Kr88] assigned to the 3525 keV level. The band based 011 the
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Figure 4.10: In beam 7 — 7 spectrum gated on the 268 keV 7-ray showing 7-rays 
assigned to the K *  =  15+ band.
3654 keV (spectrum in figure 4.10) was first observed by Kramer-Flecken [I<r88] 
and, apart from alterations to the I n assignments due to the observation of the 
61 keV and 68 keV 7— ray transitions and the change in multipolarity assignment 
of the 290 keV transition, the band is confirmed in this study up to I n  =  25+. 
However, the energy of the top transition is about 14 keV lower than before, giv­
ing the start of an upbend (figure 4.7). We  assign the bandhead the K n  —  15+, 
/v{7[633],7[514]}07r{|[4O4],|[514]} configuration (see section 5.4).
4.2.6 The band  based on th e  K —14 level a t 3686 keV
The 3686 keV level was first observed, decaying to the nearly degenerate I =  (13) 
levels associated with band VI, by Kramer-Flecken [Kr88], who also assigned three
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Al =  1 transitions to the band above the level. In the present study the level 
is observed also to decay to the K n =  12+ intrinsic state by a 451 keV transi­
tion. In addition two more Al =  1 transitions are seen, one of 150 keV at the 
base of the band, and the other of 310 keV placed between the 284 and 328 keV 
transitions in the cascade, together with a crossover transition of 638 keV. The 
bandhead is tentatively assigned K n = 14+, for which there are two possible con- 
figurations: j/{§[512],Z[633],§[514],§[624]}; and i/{I[633],*[514]}®7t{§[402],§[514]} 
predicted [Ja95] to lie at 3632 and 3715 keV respectively. The band’s alignment (fig.
4.7) is consistent with the presence ofa single i^ neutron, thus favouring the second 
configuration.
4.2.7 T he =  17+ level a t 4710 keV
A 1057 keV transition is observed feeding the A 7r =  15+ level at 3654 keV. This 
transition is deduced to be of E 2  multipolarity from the direct measurement of 
its A-conversion coefficient [o;F (exp) =  0.0026 ±  0.0009, aF (E2) = 0.0034]. Thus 
the level at 4710 keV is established as I n  =  17+. We assign it the K n  =  17+, 
{|[521],~[514]}07r{|[541],|[4O2],|[4O4],|[514]} configuration (see section 5.2).
4.2.8 The K n — 1 8 “ level a t 4878 keV and associated band
The 4878 keV level decays, with T x/ 2 <  3ns, mainly to the I n  =  17“ and 16“ m e m ­
bers of the A 77 =  13“ band by 363 and 671 keV transitions respectively, and to the 
A'77 =  17+ level at 4710 keV by a 168 keV transition. The 671 keV transition is 
shown to be E 2  from its conversion coefficient [aF (exp) = 0.0094 ±  0.0021, a F (E2)
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— 0.0084], Thus the 4878 keV level has Z77 —  18". In addition, weak branches from 
this level are seen with transition energies 967 and 1267 keV feeding the J77 =  17" 
and 16" members of the A 77 =  7" band. The 184 and 207 keV transitions were 
previously placed above the level at 3689 keV [Kr88] (the /77 =  14" member of the 
A 77 =  13" band), but are now placed above the 4878 keV level on the basis of their 
coincidence relationships. They are both deduced to be of M 1 multipolarity, the 184 
keV transition from the intensity balance [0:7*(exp) = 0.9 ±  0.2, 07(Ml) —  0.88], and 
the 207 keV transition from the direct measurement of the A-conversion coefficient 
[o:/<(exp) = 0.444 ± 0.026, o:/<(Ml) =  0.443]. They are assigned as the first two 
cascade transitions in the A 77 =  18" band. The next four cascade transitions in 
the band have been seen previously [I<r88j. Here we extend the band to J77 =  27" 
with crossover transitions above the I77 =  20" band member. The band’s alignment 
(fig 4.7) is large enough to suggest the presence of 3 aligning quasiparticles (two 
in neutrons and an h| proton). Calculations (see section 5.2) suggest two possi­
ble A 77 =  18" configurations; z/{|[633],|[514]}07r{^ [541],|[4O2],|[4O4],|[514]} and 
//{|[512],|[633],|[514],|[624]} ®7r{|[541],|[404]}. The first contains only two of the 
aligning quasiparticles. The second contains all three aligning quasiparticles but is 
predicted at too high an excitation energy (5913 keV). Although the band’s observed 
behaviour could be due to mixing between these two configurations, our subsequent 
discussion focuses on the 2^47r alternative that has the lower calculated excitation 
energy. For this configuration the energy for the first transition in the band is ex-
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Figure 4.11: Summed time difference spectrum across the 5312 keV level. For 7-gates 
see table 4.2
pected to be about 152 keV from transitions in bands with similar configurations in 
179W  (124 keV and 191 keV for I P  =  y + and ~ + hands, respectively [Wa94]). The 
estimate is slightly less than the observed transition energy of 184 keV.
4.2.9 The K 77 =  21“ and K n = 22“ bands
The level at 5312 keV decays by 251 keV and 44 keV transitions to the P  =  19“ and 
20“ members of the I P  =  18“ band. The 44 keV transition appears weak (figure
4.8), but is in fact highly converted, and accounts for most of the isomer’s decay. Its 
7-ray intensity implies that it has a total conversion coefficient of 9 < q.t  <  14, lead­
ing to an M l  multipolarity assignment [cup(Ml) =  9.4]. Thus the 5312 keV level has 
p  —  21“. The level is isomeric with a half-life of 64 ns (figure 4.11). There are two
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interconnected sequences of transitions above this level. Assuming a smooth increase 
in transition energy with spin, the sequence whose three lowest cascade transitions 
are 362, 378 and 395 keV is assigned as the I P  =  21“ band. This band is seen up to 
p  —  26“ and is assigned (section 5.2) the I P  = 21“, //{|[512],|[633],|[514],|[624]} 
07r{|[4O2],|[514]} configuration. The 314 keV transition is placed as an interband 
transition and the 5626 keV level is the I P  = 22“ bandhead which is assigned (sec­
tion 5.2) the /v{|[512],|[633],|[514],|[624]} 07r{7[4O4],§[514]} configuration. The 
band above this level is seen up to P  =  27“. These levels were previously [Pu95] 
associated with the I P  = 21“ bandhead, but the identification of additional 7-ray 
transitions (i.e. the new I P  = 21“ band) requires reclassification, though without 
re-assigning spins or reordering. Additional support for the above K  assignments is 
given by the decay of the I P  = 25+ isomer (next section) to the P K  = 24“22 level 
but not to the P K  = 24“21 level.
4.2.10 The band based on th e  K n — 2 5 + isom er a t 6571 keV
The P  =  24“ member of the I P  =  22“ band is fed by a 183 keV transition which 
is shown to be of El multipolarity from the intensity balance [0 7(exp) =  0.04 ±
0.10, cvr(El) = 0.08]. The I P  = 25+ intrinsic state has a half-life of 220 ns. The 
band based on the isomer is seen up to P  =  32+ (spectrum in figure 4.12) with both 
cascade and crossover transitions. The I P  =  25+ band is assigned (section 5.2) the 
eight- quasiparticle/v{|[512],f[633],|[514],|[624]}07r{f[541],7[404],|[514],§[402]} con­
figuration. The lowest cascade transition in this band has a large negative a2 angular
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Figure 4.12: ‘Earlies’ 7-ray spectrum, showing transitions above the K 77 =  25+ yrast 
isomer, obtained from delayed gating on the 314, 373, and 763 keV transitions below 
the isomer. (The 184 keV peak in parentheses is a contaminant.) The corresponding 
time spectrum, relative to the beam bunches, is included as an inset, with a 220 ns 
fitted half-life.
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distribution coefficient, while the remaining cascade transitions have positive a2 val­
ues. This indicates a change in the sign of the E 2 / M 1  mixing ratio, an interesting 
effect which will be discussed further in section 5.4.
4.2.11 T he band based on th e  PC* — 2 8 ^  level a t 8147 keV
A 931 keV dipole transition (o,2 =  -0.45 ±  0.20) is seen feeding into the P  —  27+ 
level of the K  =  25 band. If the transition were Ml, an E2 transition to the P  
—  26+ level would be expected. As this is not observed we tentatively assign the 
931 keV transition El multipolarity and, thus, the I =  28, 8147 keV level is ten­
tatively assigned negative parity. The band based on this level is seen with both 
cascade and crossover transitions up to I = 32. Its alignment (fig.4.7) is very similar 
to that of the I P  =  25+ band, suggesting it has the same aligning quasiparticles. 
Consistent with this, we assign the band the I P  —  28“, v{%[512]|[633]|[514]|[624]} 
^ { 2[541]^ [404]|[514]y  [505]} eight-quasiparticle configuration (see section 5.2), mak­
ing it the highest K  band observed to date.
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C h a p t e r  5
D i s c u s s i o n
The extensive level scheme for 178W  is discussed in a selective way in the following 
sections, highlighting the aspects considered to be of the greatest interest. After 
an analysis of the first yrast-yrare bandcrossing, a relatively simple case of Coriolis 
mixing is examined; bandhead excitation energies are compared with pairing blocked 
BCS calculations; the influence of pair blocking on moments of inertia is examined; 
(/-factors are compared; and, finally the hindrances of the A-forbidden decays are 
examined.
5 . 1  B a n d  c r o s s i n g s
The crossings among the low-seniority positive-parity bands are illustrated in figure 
5.1, and are discussed below.
The yrast-yrare crossing in L78W  is compared with that in its isotone 180Os [Ve93] 
in figure 5.2 and appears to be of a similar nature. In 178W  the two bands lie 148 
keV apart at I =  18. A constant interaction matrix element of V  —  68±1 keV 
produces a smooth alignment for the ‘unperturbed’ bands (fig 5.3) independent of
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Figure 5.1: Bandcrossing plot for the low seniority positive parity bands.
any assumed A-value. Although the alignment gain in the ‘unperturbed’ g-band 
illustrates the need to account for additional band interactions, the relatively sharp 
yrast/yrare crossing (with a small interaction, V  =  68 keV) justifies analysis of the 
E 2  branching ratios within a 2-band-mixing model, which is sensitive to the K  values 
[Wa94].
With two-band-mixing, the mixed states, '(/; of a given angular momentum, /, 
can be expressed in terms of the pure states, r/>:
with the normalisation: a 2 +  (32 —  1. The subscripts -,a and + , b refer to the lower
'0- =  OC(f>a 4- fl<f>b (5.1)
■0+ =  +  ck?;,,, (5.2)
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Figure 5.2: Bandcrossing plots comparing yrast-yrare crossings in 178W  and its iso­
tone 180Os.
64
Al
ig
nm
en
l 
(IT
)
tTco (MeV)
Figure 5.3: Alignments plots for ground and s-bands: Experimental (circles) and 
‘unperturbed’ (crosses).
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and upper states, respectively. The rotational-model expression for the reduced E 2 
transition probability from spin I\ to spin /2:
B(E2) = H e 2Ql\(IiK 20\I2K)\2 (5.3)
becomes
B(E2)in = fr-<?Ql{a(h)a{h)Cu «, +  P ( I i ) m ) C lKa}2 (5.4)
I 0 7 r
for transitions from U+{I\) to '</;+(/2), and
B(E2),mt = J d lQ 2{a{h)P{I2)C,Kll - ()(h)a(I2)C,Ka}2 (5.5)
l u 7 r
for transitions from U + {I]) to '</;_(/2), where C j k — (I\K2Q\l2K) is the Clebsh-
Gordan coefficient, and it is assumed that the intrinsic quadrupole moment, Q 0, is
the same for each of the configurations.
The calculated B ( E 2 ) out . / B ( E 2 ) i n  ratios are compared with experimental values 
in Table 5.1. If the ground and crossing bands both have K  =  0, then the ratio 
for the 18+ to 16+ branch is reproduced with a matrix element of V  =  64 keV, but 
the predictions for the weaker branches are poor. With V’ =  68 keV, as required 
for the smooth alignment curves, none of the branching ratios are well reproduced. 
However, if the crossing band is assumed to have K  =  8, which is the value for the 
Fermi-aligned t-band coupling [Wa94] of the two i13/2 neutrons at the Fermi surface, 
i.e. 7/2[633] and 9/2(624], then the agreement is remarkably improved. This is in 
contrast with the usual s-band interpretation of yrast-yrare band crossings, where 
the s-band involves two ii3/2 neutrons coupled to K  %  0. It should be noted that the
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Table 5.1: Comparison of experimental and calculated branching ratios of out-of- 
band to in-band stretched E 2 , I  to 1-2 decays from the yrare band.
Initial
state Expt.
B (E 2 out) /B (E 2 in)
V = 64 keV“ V  =  68 keV“ V  =  68 keV6
14+ 0.02(1) 0.006 0.007 0.04
16+ 0.14(4) 0.06 0.07 0.17
18+ 0.55(6) 0.53 0.35 0.54
20+ 0.16(2) 0.04 0.06 0.09
22+ 0.04(1) 0.005 0.006 0.013
“Calculation for equal K  values.
^Calculation for crossing band with K  =  8, ground band with K  =  0.
f-band structure has been clearly identified in the neighbouring 179 W [Wa94] nucleus, 
and is at least partly responsible for the backbend in 180W [Wa93, Wa93a] where 
both signatures of the yrare band are observed. Although in 178W the odd-spin, 
signature-partner band can not be reliably identified, and may be shifted in energy 
by other band interactions (see below), the present data provide further evidence for 
the involvement of high-AT components in yrast bands above the first band crossing, 
in the A «  180 mass region.
Above the yrast line there are several additional band crossings, evident in fig.5.1, 
involving the /3-band, the I P  =  6+ band and, presumably, an aligned 2-quasiparticle 
band. A variety of interband transitions is observed (fig. 4.1a)). A quantitative 
multi-band-mixing analysis has, however, not been carried out, because of the many 
unknown parameters involved.
The I P  =  2~ (band V) and I P  =  15+ bands are seen to upbend (figures 4.4 
and 4.7). However, they are not observed above their crossings. Bandcrossing plots
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Figure 5.4: Bandcrossing plot for Bands VII and VIII.
for bands VII and VIII, which are observed past their crossings, are shown in figure 
5.4. In both of these crossings, unlike the yrast-yrare case, the unfavoured sequences 
are not observed. Below their crossings, bands VII and VIII are both interpreted 
as being based primarily on the {|[633],|[514]} quasineutron excitation, coupled to 
K n = 0” and 7“ respectively. As the y[633] quasineutron is already excited the 
excitation of the (ii.3/2)2 quasineutron pair responsible for the yrast-yrare crossing 
is blocked. The crossings are not, however, significantly delayed compared with the 
crossing of the yrast band. In fact band VII has a lower crossing frequency than 
the yrast band. The further excitation, from 2-quasiparticle configurations below 
the crossing to more aligned 4-quasiparticle configurations above, must therefore
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require relatively little energy. This rules out the addition of two more ii3/2 neutrons, 
requiring an extra 2.8 MeV, or the excitation of a h9/2 quasiproton pair, requiring
3.4 MeV. The alignment gain in the crossings of bands VII and VIII is only 4 h, much 
less than seen in the yrast band. In fact their total alignment after their crossings 
is only slightly more than the alignment of the yrast band. This suggests tha t the 
crossings involve the addition of only one aligning quasiparticle, and hence tha t the 
crossing configuration, for both bands, involves the addition of the (|[541],|[514]} 
quasiproton pair, requiring about 1.9 MeV.
In addition, the crossing is at lower spin in band VII than in band VIII, corre­
sponding to the bands being closer together after the crossings. Band VII is about 
350 keV higher than band VIII below the crossings and only about 200 keV higher 
above the crossings. This shift in the relative energies of the bands could be due 
to the proton-neutron residual interactions. The direction of the shift can be un­
derstood if the neutrons are both spin down in band VII (i.e. the /y-[633] is time 
reversed), and the protons are coupled to K  =  5 for both bands after their cross­
ings. The p \  [633] has a stronger residual interaction with the 7t|[541] than with 
the 7r|[514]. (The same is true of the z/|[514]. However, as its spin orientation is 
the same for both bands, its interaction with the protons causes no relative shift.) 
Empirical G M  splittings of 232 keV and 129 keV, respectively [Ja95], favour parallel 
i/ it intrinsic spins. This would result in the lowering of the configuration where the 
spin of the /y~[633] is parallel to the spin of the 7r|[541] (band VII post crossing) by
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103 keV relative to the configuration where it is parallel to the spin of the 7t|[514] 
(band VIII post crossing). In such a way the relative band-crossing spins can be 
understood.
5 . 2  C o r i o l i s  a l i g n m e n t  o f  a n  i 13/ 2 n e u t r o n
The I P  =  7", 13“, 14+ and 15+ configurations in 178W  all contain the 
//{§[633],§[514]} quasineutron pair. The associated rotational bands are perturbed 
by Coriolis mixing, principally within the i13/2 neutron subshell. The Fermi level falls 
about halfway between the §[633] and §[624] neutron orbitals (it’s slightly closer 
to the §[633] orbital), resulting in their quasiparticle excitations being relatively 
close (separated by a few hundred keV). The Coriolis interaction between these 
orbitals will thus result in a significant perturbation even for low matrix elements,
i.e. near the bandheads. The other ii3/2 neutron orbitals are a t greater quasiparticle 
excitation energies and will not contribute significantly to the perturbation until the 
matrix elements are large. The alignment resulting from the ii3/2 neutron can thus 
be approximated by a simple two-band-mixing treatment.
Such a treatm ent is performed here for bands VIII ( IP  =  7“ ) and IX ( IP  = 8"). 
The unperturbed bands, based on />'{§[633],§[514]} and /v{|[624],§[514]} configura­
tions respectively, are assumed to have equal moments of inertia. The level spacings 
in the unperturbed bands will thus be the average of the spacings for the two ob­
served bands. This gives energies of 191, 211, and 230 keV for the 9->8, 10—>9 and 
11-7-10 unperturbed transitions. The 9-78 energy gives a moment of inertia, J , of
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Table 5.2: Matrix elements between A 77 =  7 and 8 bands
I d" (keV) V  (keV) Vtn b (keV) V/Vih
7 0 0 0
8 82 118 238 0.50
9 135 174 347 0.50
10 178 218 437 0.50
11 213 254 520 0.49
"Shift of levels for parallel unperturbed bands separated by 88 keV.
^Matrix element from equation 2.10 with (Q ±  l|j± |f2) =  5.6
47 MeV-1/?,2, allowing an unperturbed 8-^-7 energy of 170 keV to be inferred. As the 
observed A 77 =  7" bandhead is unshifted the compression of the 8-4 7 transition is 
entirely due to the shift of the 8" level (82 keV). The unperturbed 8“ levels are thus 
88 keV apart, 164 keV closer together than the mixed levels. Matrix elements, V  
are deduced from the separation of the unperturbed levels and the shifts, d, between 
them and the observed levels, and are presented in table 5.2. These are compared 
with the values from equation 2.10,
V  =  (h2/2 J )[ I(I  + 1 )  -  K (± l)]1/2(fi ±  lb '± |fi), (5.6)
for J  — -47 MeV-1??.2 and (f i±  l|j± |f i)  =  5.6. The latter value would be 5.74 for pure 
j= 1 3 /2 , but is calculated to be 5.6 from Nilsson wavefunctions. The experimental 
m atrix elements have the expected spin dependence. However, they have half the 
calculated values. This is consistent with previous studies of the Coriolis interaction, 
where experimental matrix elements are seen to be attenuated by a factor of about 
0.5 from the value predicted by the particle rotor model [Zy66].
A similar analysis is not possible for the 4-quasiparticle bands as no unfavoured
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sequences are observed. However, the deviation of the observed sequences from 
simple rotational behaviour gives information on the interaction and unperturbed 
bands. In the two-band-mixing framework, it is useful to introduce an alternative 
alignment for the A I  — 1 transitions, defined as
. _  Ad (n  ±  l |j± |f i)  . .
c ~  A V  2 ■ ( ’
If the unperturbed bands are degenerate this alignment is constant. When they are 
separated, the alignment increases with increasing spin and then saturates. A smaller 
initial alignment indicates a larger separation between the bands. The plots in figure
5.5 would be linear for constant ic. The\' are unlike normal alignment plots in tha t Ix 
has been replaced by the spin part of the matrix element, Ic = [ / ( /+ 1 )—K (K ± 1 )]V 2. 
In all cases the alignment of the first transition is below the trend for the other 
transitions in the band, which is just what is expected from the two-band-mixing 
model used here. The discontinuity is less pronounced for the 13“ and 14+ bands 
than for the 7“ and 15+ bands, indicating that the unperturbed bands are closer 
together for the 13“ and 14+ bands. This difference can be qualitatively understood 
in terms of proton-neutron residual interactions. The 13“ and 14+ configurations 
both contain the | [402] proton, which interacts more strongly with the §[624] neutron 
than with the §[633] neutron [Ja95]. This brings the unperturbed bands closer 
together, accounting for the observed alignment differences.
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Figure 5.5: Alignments plotted against rotational frequency. The subtracted refer­
ence is 39 MeV"1 ft2 for the I P  =  7“ band and 43 MeV~lh2 for the 4-quasiparticle 
bands.
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Table 5.3: Multi-quasiparticle states in 178W.
IP Configuration" 
neutrons protons
Energy(keV) 
Expt. Calc.
6+ i/ {5/2-,7/2-} 1665 1647
7” /, {7/2+,7/2-} 1738 1716
11- i/{ 1/2“ ,5/2“ ,7/2“ ,9/2+} 3053 2858
12+ ;y{l/2-,7/2+,7/2-,9/2+}5 3235 2835
v {5/2“,7/2-} tt{5/2+,7/2+}5 3351
13- /. {7/2+,7/2-} tt{5/2+,7/2+} 3525 3406
14" i/ {5/2-,7/2"} tt{7/2+,9/2-} 3592 3604
15+ v {7 /2+ ,7/2"} tt{7/2+,9/2-} 3653 3647
14+ v {7/2+,7/2"} tt{5/2+,9/2-} (3686) 3715
1 7 + i/ {5/2-,7/2“} 7 r {  1 /2 ” ,5/2+,7/2+,9/2“} 4710 4393
18" i/ {7/2+,7/2-} t t {  1 /2 ” ,5/2+, 7/2+,9/2“ } 4878 4458
21“ /;{5/2”,7/2+,7/2”,9/2+} tt{5/2+,9/2-} 5312 5308
22" i/{ 5/2",7/2+,7/2",9/2+} tt{7/2+,9/2-} 5626 5529
25+ { 5/2“ ,7/2+ ,7 /2“ ,9 /2+  } tt{1/2-,5/2+,7/2+,9/2-} 6571 6365
28" ;v{5/2-,7/2+,7/2-,9/2+} tt { 1 / 2 - , 7/2+,9/2”,11/2”} 8147 8655
30+ zv{5/2-,7/2+,7/2-,9/2+} tt{5/2+, 7/2+, 9/2“, 11/2“} 7941
"Neutrons: 1 /2“ [521], 5 /2” [512], 7/2~[514], 7/2+[633], 9/2+[624]
Protons: 1 /2 “ [541], 5/2+[402], 7/2+[404], 9 /2 “ [514], l l / 2 “ [505]
Note: bold type indicates an aligning quasiparticle (h9/2 proton or i13/2 neutron)
5 Alternative 12+ configurations.
5 . 3  M u l t i - q u a s i p a r t i c l e  e x c i t a t i o n  e n e r g i e s
The energies of the experimental multi-quasiparticle states are compared with the 
theoretical predictions of Jain et a/.[Ja95] for the lowest-energy states of correspond­
ing spin and parity (in figure 5.6 and Table 5.3). The energies were calculated using 
blocked BCS pairing and residual interactions. Single-particle energies and monopole 
pairing strengths were deduced, in a self consistent manner, from one-quasiparticle 
intrinsic state energies in neighbouring odd-mass nuclei and two-quasiparticie level 
energies in !78W. Where the one-quasiparticle intrinsic states are unknown, calcu­
lated Nilsson single-particle energies were used, assuming axial symmetry and defor-
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Figure 5.6: Experimental and calculated bandhead energies.
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rnation parameters £2=0.24 and £4= 0 .04 [Be8 6]. Following adjustment to reproduce 
two-quasiparticle energies, the pairing forces G„ =  21.10/A MeV and Gn — 22.25/A 
MeV were obtained.
The agreement between experiment and theory is generally good, with a mean 
deviation of <140 keV for K  <  25. Additional support for the configuration assign­
ments comes from alignments and 7 -ray branching ratios, presented in the following 
sections. The non-observation of the predicted yrast I P  =  30+ eight-quasiparticle 
state should be noted. Two factors could make this level difficult to observe. Firstly, 
the level’s angular momentum is near to the maximum for the reaction, resulting 
in a weak population. Secondly, it could possibly be an yrast trap with a half-life 
which is long compared with the length of the experiment, i.e. T\ / 2 1 day. The
main uncertainty in the calculated energy of this level comes from the Nilsson single­
particle energy for the §§[505] proton, which is not observed as a one-quasiparticle 
state in neighbouring odd-Z nuclei. The calculated I P  = 28“ intrinsic state also 
contains this nucleon and is tentatively identified, experimentally, 500 keV lower in 
excitation than predicted. If the energy of the I P  — 30+ state was similarly lower 
than the calculation, then a very long half life becomes a realistic possibility.
5 . 4  P a i r i n g  q u e n c h e d  m o m e n t s  o f  i n e r t i a
The reduction of the moment of inertia from the rigid body value can be calculated 
using the prescription of Migdal [Mi59] as follows.
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N  Z
J l o l  =  - j J n  (A„) +  j J „  (A,,) (5.8)
where
(5.9)
with
(5.10)
where A is the pairing gap parameter, 5 is the deformation, tvuj is the harmonic os­
cillator frequency, and J  is the moment of inertia. For 178W, J rifj =  85 MeV_1/r2, 5 
=  0.25, and Tiloq = 6.855 MeV for the protons and 7.695 MeV for the neutrons. Mo­
ments of inertia are calculated for the rotational bands using the pairing parameters, 
A, from the multi-quasiparticle [Ja95] calculations discussed in the previous section. 
The calculated pairing gaps and moments of inertia are given in table 5.4. Here 
results from “exact” diagonalisations [Bu96] of the pairing Hamiltonian (equivalent 
to particle-number-projection methods) are included. These do not suffer from the 
spurious collapse of BCS pairing.
Experimental moments of inertia are deduced from the dependence of the pro­
jection of the angular momentum on the rotation axis (/x), on rotational frequency. 
For a level with total angular momentum, / ,  and angular momentum projection on 
the symmetry axis, K , Ix can be calculated using the method described by Bengts- 
son and Frauendorf [Be79]; Ix — J l ( I  + 1) — K 2. The rotational frequency is given
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Table 5.4: Pairing and moment of inertia.
I P Energy BCS Exact Moment of Inertia i
A , A tt A , A tt BCS Exact Exp.
a (keV) (keV) (keV) (MeV"1) (ft)
0+ 0 950 1127 878 1191 28.3 29.4 28.3
6+ 1665 458 1127 570 1191 43.9 39.0 50.5 -0.9
7" 1738 475 1127 576 1191 43.3 38.7 46.3 1.6
13" 3525 475 689 576 861 50.7 43.3 44.5 2.2
15+ 3653 475 762 576 942 49.0 41.9 49.8 1.8
14+ 3686 475 638 576 825 51.9 43.9 49.85 1.76
18" 4878 475 0 576 538 69.3 54.1 52.3 3.7
21" 5312 0 638 391 825 66.7 51.1 60.5 0.1
22“ 5626 0 762 391 942 64.7 49.1 61.3 0.0
25+ 6571 0 0 391 538 85.0 61.3 56.2 2.6
28- 8147 0 296 391 706 77.9 53.6 56.4 2.4
"For configurations see table 5.3.
Lowest point excluded from fit. See text
by the transition energy divided by the change in Ix between initial and final levels. 
This should be plotted against a value of Ix for the transition. A common way of 
obtaining Ix for the transition is to set I  = and use this value in the formula 
for I x above. An alternative method is here proposed, where the I x value for the 
transition is calculated as the mean of the values for the initial and final states; 
Ixt — Ixi+1±L. A comparison of these two methods is shown in figure 5.7, for the 
K  — 25+ band. The differences between the methods are seen to be small, but 
significant at low rotational frequency, particularly when calculating slopes and in­
tercepts (the latter by extrapolation to Hu — 0). Calculations for A I  — 1 and A I  
— 2 transitions are seen to be consistent using the second method. This method is 
used for all subsequent Ix calculations.
Plots of Ix as a function of rotational frequency are shown in figure 5.8. The
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fico (MeV)
Figure 5.7: Ix ploted as a function of rotational frequency for K n =  25+ band. 
Comparison of different methods of calculating Ix for a transition.
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fico (MeV)
Figure 5.8: Plots of Ix as a function of rotational frequency: (a) 0, 2 and 4- 
quasiparticle bands; (b) 6 and 8-quasiparticle bands.
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Figure 5.9: Comparison of experimental and calculated moments of inertia.
linearity a t low rotational frequency results in there being well defined dynamic 
moments of inertia, obtained from each gradient. For the K = 14 band the lowest 
point is excluded from the fit, due to the low energy of the first A /= l  transition 
(as discussed in previous section). The calculated and experimental moments of 
inertia are compared in table 5.4 and figure 5.9. The overall trend of increasing 
moment of inertia with increasing quasiparticle number is seen in the experimental 
data  and both calculations. As is well known, pairing is quenched too quickly in BCS 
calculations, and the I P  =  25+ band is calculated to have a rigid-body moment-of- 
inertia. The “exact” calculation [Ja95, Bu96] gives much better agreement for the 
8-quasiparticle bands, with A maintaining about 45% of its full (ground- state) value.
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The differences between the experimental results and the exact calculations are due, 
at least in part, to interactions between bands, and spin-dependent alignments for 
some quasiparticles, particularly the ii3/ 2 neutrons. Increasing alignments lead to 
overestimated experimental moments of inertia, which have not been taken into 
account. Nevertheless, it is evident tha t the rotational bands provide a useful test of 
the pairing models, and improved theoretical descriptions are being sought [Bu96, 
Di'96].
5 . 5  B r a n c h i n g  r a t i o s  a n d  g - f a c t o r s
In-band branching ratios can be used to support quasiparticle configuration assign­
ments and also for deducing rotational alignment in a reference independent manner. 
Experimental gj< values are derived from branching ratios using the rotational model 
expressions:
where 5 is the E 2/M 1  mixing ratio, E  is the transition energy in MeV, A is the 7 -ray 
transition intensity ratio (T2/T i)  and gn is the rotational .(/-factor. The subscripts 
1 , 2  refer to A I  =  1 , 2  transitions, respectively. gR depends on the proportion of 
the collective angular momentum carried by the protons. It can be treated as a 
constant. Alternatively, the effects of blocking on moments of inertia can be taken
(5.11)
!Ji< — Or 0.933.Ei (5.12)
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(JR ~  Z J V + N J n }
where J v<n come from the “exact” calculation in the previous section. Bark et 
a/.[Ba95] have used an expression for an effective theoretical g/^-factor (gef/) \
.. _ s (% -  9R)I<i -  (JR)ij
!hl-  <JR-  T( (5 '14>
based on the semiclassical geometric model of Donau and Frauendorf [Do82], where
into account, using the following formula,
K  =  T , K j
and i j is the rotational alignment for the configuration’s j  th  nucleon, with a Qk  
value of (jj. These g.j values are calculated from Nilsson model wavefunctions. The 
second term of this expression depends on rotational alignment, which in 178W comes 
mainly from the i13/2 neutrons and h9/2 protons. For the h9/2 protons, the Fermi 
level is close to the Ul =  1/2 orbital. The §[541] quasiproton is rotation aligned 
at very low rotational frequency and a constant value of i j can be used (ij  = 2.5). 
For the i13/2 neutrons, however, the Fermi level is close to the middle of their j- 
shell. They are Fermi aligned at low rotational frequency and ij increases with 
rotational frequency. The alignment of the ii3/2 neutrons is also pairing (and hence 
configuration) dependent [Dr96], and is assumed to be negligible for configurations 
with 4-quasineutrons. For configurations with 2-quasineutrons, the alignment of the 
§[633] quasineutron is empirically taken as the difference between the experimental
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Ix for the A 77 =  7" band and the reference given by the moment of inertia deduced 
from the “exact” calculation (ij =  1.6 +  7.6 hu, where Tiu is in MeV).
The data are compared with these calculations in table 5.5. and figure 5.10. 
Generally the agreement is good, supporting the configuration assignments. The 
pairing dependent gR appears to be an improvement in most cases. The results 
for the A 77 =  7", 13" and 15+ bands support the treatm ent of the ii3/2 neutron 
alignment, outlined above.
An experimental feature of particular note is the angular variation in intensity for 
the A I  — 1 transitions in the A 77 =  25+ band, shown in figure 5.11. The contrast, 
between the large negative a2 value of the lowest transition in the band and the 
positive a2 values of the other A I  = 1 transitions, is striking. At first sight, it might 
be thought that the transitions are not all in the same rotational band. A change in 
the sign of the E 2/M 1  mixing ratio is indicated, and hence a change in the sign of 
the gx  — gR value. For the 288 keV, I  — 26 —* 25 transition in the A 77 — 25+ band, 
the mixing ratio may be the deduced from the a2 angular distribution coefficient 
[Ma74], and hence the value of gK — gR. The experimental value of a2 =  —1.15T0.20 
gives (Jk — (Jr = — 0.10i0.06. Plotting this together with the values for other band 
members (figure 5.9(h)), deduced from branching ratios , shows a trend of Qk ~  9r 
increasing with spin. (Consistent values of qr — gR for the other members can 
be deduced from their a2 coefficients. However, these have larger errors than the 
values obtained from branching ratios.) This can be interpreted as being due to the
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I I
Figure 5.10: Experimental (Jk — (Jr. values compared with calculations. The calcu­
lated value is represented by the dashed curve for constant (jr  and by the solid curve 
for configuration dependent cjr.
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Table 5.5: Gamma-ray branching ratios and (/-factors for 178W rotational bands
I P
a
Energy
(keV)
I
(h)
A
Exp.5
{fji< ~ 9It)
Calc. Ic Calc. II(/
6+ 1665 8 1.78(19) -0.114(24) -0.277 -0.197
9 2.80(34) -0.160(26) -0.277 -0.197
10 4.0(6) -0.172(25) -0.277 -0.197
11 7.2(8) -0.137(22) -0.277 -0.197
13 12.0(26) -0.142(34) -0.277 -0.197
7“ 1738 9 0.76(6) -0.067(11) -0.078 -0.030
10 2.16(14) -0.095(11) -0.103 -0.051
11 4.86(31) -0.073(11) -0.119 -0.065
12 5.94(43) -0.099(12) -0.131 -0.075
13 9.43(84) -0.085(15) -0.141 -0.083
14 11.3(34) -0.091(37) -0.147 -0.089
15 12.7(32) -0.110(32) -0.155 -0.096
13“ 3525 15 0.033(17) 0.431(200) 0.359 0.352
16 0.21(3) 0.339(40) 0.341 0.334
17 0.41(4) 0.326(25) 0.329 0.322
15+ 3653 17 0.07(4) 0.301(203) 0.409 0.423
18 0.16(3) 0.360(44) 0.392 0.406
19 0.21(4) 0.421(60) 0.381 0.396
20 0.27(7) 0.443(96) 0.372 0.387
21 0.55(9) 0.352(42) 0.365 0.381
22 0.53(8) 0.401(47) 0.359 0.374
23 0.89(18) 0.333(52) 0.353 0.369
24 0.63(13) 0.431(78) 0.348 0.364
14+ 3686 19 0.215(69) 0.53(9) 0.540 0.528
"For configurations see table 5.3.
5Qo =  7.0 e.b is assumed.
c(jR =  0.30 is assumed.
d()R is calculated from pairing. See text.
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Table 5.5 cont
I P Energy
(keV)
I
(h)
A (fJ
Exp.
K  —  9 F t )
Calc. I Calc. II
18- 4878 21 0.17(14) 0.195(187) 0.411 0.332
22 0.28(7) 0.226(60) 0.421 0.334
23 0.42(7) 0.241(34) 0.427 0.336
24 0.30(12) 0.357(130) 0.432 0.337
25 0.38(16) 0.372(137) 0.435 0.338
26 0.25(13) 0.519(277) 0.437 0.337
21“ 5312 24 0.50(32) 0.154(153) 0.075 0.105
25 0.50(26) 0.207(130) 0.075 0.105
26 3.0(22) 0.027(120) 0.075 0.105
22" 5626 24 0.44(6) 0.085(19) -0.022 0.03S
25 0.61(20) 0.125(55) -0.022 0.03S
26 1.36(49) 0.085(54) -0.022 0.038
27 1.86(67) 0.086(60) -0.022 0.038
25+ 6571 27 0.24(3) 0.076(18) 0.006 -0.062
28 0.75(9) 0.063(17) 0.028 -0.044
29 0.75(39) 0.146(101) 0.041 -0.033
30 2.0(14) 0.080(116) 0.051 -0.026
Er (keV)
Figure 5.11: Angular distribution spectra for I P  — 25+ band. Gating on delayed 
314, 374, and 763 keV transitions and projecting “earlies” for detectors at (a) 97°; 
and (b) 148°.
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alignment of the h9/ 2 proton. As can be seen from the second term in equation (5 .1 4 ) , 
the alignment has a negative contribution to the .(/-factor, which falls in magnitude 
with increasing spin. The value of cjr — (Jr thus increases, crossing from negative 
to positive. The remarkable change in the 7 -ray angular distributions is possible 
because (Jr — (jr is so close to zero, and the A /  =  1  transitions are of almost pure 
E2  character.
5 . 6  / V - f o r b i d d e n  t r a n s i t i o n s
Electromagnetic transitions are called A-forbidden when changes in the A  quantum 
number are larger than the transition multipolarity, i.e. A A  > A. As there are 
various mechanisms for A-mixing, the forbidden transitions are retarded, rather 
than strictly forbidden. The amount of retardation correlates with the degree of A- 
forbiddenness, 1/ — A A  — A. A useful measure of this retardation is the “hindrance 
per degree of A-forbiddenness” or “reduced hindrance” , which is defined as
f„ =  ( 1 ^ / 2 % ) 1/8 (5 .1 5 )
where T / 2 is the partial 7 -ray half-life and T)J2 is the Weisskopf single-particle 
estimate. For E l  transitions, TfJ2 is multiplied by 104 to take account of their 
generally strong hindrance compared with the Weisskopf estimate [Gj90, Ve93], and 
thus to facilitate their comparison with other multipolarities. Where the A  quantum 
number is “good” , f y values are large ( ^  2 0  or more) and the level will decay by 
the minimum change of A. When /„ is small (?« 2 ) the highest-energy branches
may dominate the decay, as found, for example, in 170W [Cr96]. In the intermediate 
situation most of the decay intensity is by the minimum change of K , but competing 
branches are observed with large changes in A, as found in 174Hf [Gj95].
There are several levels in i78W which decay by AT-forbidden transitions. The
7 -ray branchings from these states are given in table 5.6. Many branchings are seen 
from each of the I P  =  11” , 12+ and 18“ intrinsic states, for which no measurable 
half-life can be obtained (only half-life limits).
The existence and strength of A-forbidden transitions can be thought of in terms 
of low-A" components in the initial state which could arise from mixing between the 
unperturbed liigh-A state and lower-AT states at higher excitation energy (in the 
quasi-continuum). In figure 5.12 the excitation energies of the intrinsic states in 
l78W are compared with the yrast band. Intrinsic states which are far from yrast 
are closer to the quasi-continuum states and are expected to have more I< admixtures 
than near-yrast states, hence lower /„ values [Wa94a, Wa96]. The decay patterns 
in i78W support this. The I P  =  11“ , 12+ and 18“ levels, which are far from yrast, 
decay with small /,, values by multiple branches some of which have A A  > 10, while 
the I P  =  2 1 ” and 25+ levels, which are near to the yrast line, decay only by their 
minimum K  change, A A  =  3 in each case, and have larger f u values.
It is notable that the higher-spin intrinsic states have greater reduced hindrance 
for their decay. It appears that energy relative to the yrast line, and not the angular 
momentum, is the important degree of freedom in determining the integrity of the
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Table 5.6: A-forbidden transitions.
E 1 (keV) T 7 7 1/2 A  I< L\ F w fu
I P  =  6+, T\f2cl =  3 11s, E ,CV(d =  1665 keV
284.9 56 11s 4 E 2 11.1 3.3
970.1 8 ns 6 M l 6.2xl05 14.4
1322.4 5 11s 6 E 2 2179 6.8
I P  =  11“, < 2 ns, E level =  3053 keV
269.1 < 56 11s 4 E  2 < 8.3 < 2.9
476.0 < 19 ns ? M l < 47.7 i
507.6 < 20 11s 4 M l < 2.14xl05 < 59.8 }
563.9 < 52 ns 9 M l < 7.6xl05 < 5.4
726.6 < 74 ns 4 M l < 2.29xl06 < 131.8 1
920.8 < 7 11s 4 M l < 4.09xl05 < 74.2 ■
1012.1 < 93 ns 9 E 2 < 1.08 xlO4 < 3.8 j
1089.6 < 5 11s 4 E 2 < 843 < 29.0 i
1388.5 < 56 11s 11 El < 6.8x 10s < 3.0“ *
I P  =  12+, T(%(d <  1 us, E level =  3235 keV
181.4 <1.5 11s 1 E l < 4x 104
389.5 < 55 11s 12 M l < 2.7x10s < 3.1
430.8 < 24 ns 12 M l < 1.6x 10s < 3.0 t
552.3 <13 ns V E 2 < 70
564.2 < 27 11s 6 M l < 3.9x10s < 13 i
689.1 < 92 ns 5 E l < 1.36x10s < 11“ i
790.9 < 30 ns 6 E 2 < 980 < 5.6 j
907.8 <92 ns 5 E l < 3.1xl08 < 13“ |
991.0 <18 11s 12 M l < 1.42x10° < 3.6
1570.6 < 13 11s 12 E 2 < 1.31xl04 < 2.6
I P  =  18“, T[%(d <  3 ns, E level = 4878 keV
168.0 < 22 11s 1 El < 4.7x10s
363.3 < 5 ns 5 M l < 1.9xl04 < 11.8
670.1 <13 11s 5 E 2 < 185 < 5.7
9 66 < 88 ns 11 M l < 6.4x10° < 4.8
1266 < 132 11s 11 E 2 < 4.5xl04 < 3.3
I P  =  21“ T'ff = ns, E level = 5312 keV
43.8 685 ns1' 3 M l 4650 68
251.0 2050 ns 3 E 2 214 214
I P  = 25+, T[f2eL =  220 ns, £'ewe/ = 6571 keV
182.9 220 ns 3 E l 6.14x10° 25“
A 71 =  28“, T[%ed <  5 ns, E lcvel = 8147 keV
930.9 < 5 ns 3 El < 1.84xl07 < 43“
“The general hindrance of El transitions is taken into account by dividing F w  by 
10'1 before calculating f„.
6The large partial half-life of the 7-ray transition is due to electron conversion.
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KI+1)
Figure 5.12: Excitation energy plotted against 1(1+1) for the ground state band and 
intrinsic states.
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5 . 7  F u t u r e  p r o s p e c t s
The current study of l78W has found two bands, with I P  — 25+ and 28“ , based
8-quasiparticle structures; the highest seniority rotational bands yet observed. The 
moments of inertia of these bands fall short of the rigid-body value, indicative of a 
partial quenching of the pairing correlations. Bands based on even higher seniority 
states are expected to have moments of inertia closer to the rigid body value. In 
addition the decay of their bandheads would provide a further test of A-selection.
In the present study, 178W was populated up to I  ~  35h with the 170E r(13C, 5n) 
reaction. However, J78W can be populated, with spins up to about 60 Ti, using the 
L34Xe(48Ca, 4n) reaction. The population of high seniority, high K  states follow­
ing this reaction, will depend on their closeness to yrast. Although the BCS plus 
residual interactions calculation [Ja95] stops at 8-quasiparticles, it can be used to 
help estimate the excitations of 10 and 12 quasiparticle states. The 8-quasiparticle, 
I P  — 30+ calculated state is used as a starting point. For further excitations single 
particle energies are used, neglecting pairing. This will be a good approximation as 
pairing is already much reduced, and the available orbitals are far from the Fermi 
surface. Finally the residual interactions of the additional quasiparticles with the 
30+ configuration and with each other are added. The predicted liigh-A 10 and 12 
quasiparticle configurations are listed in table 5.7, where their excitation energies 
are compared with the extrapolations of band I and the I P  =  25+ band, assum-
K  quantum number.
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Table 5.7: Possible higher seniority states in 178W.
A 77 Configuration Energy (MeV)
a band lb A 77 =  25+ b
30+ 4//4-7T see table 5.3 7 .9 8.8 8.5
10-quasiparticle
34+ 4/Ai7r 30+ 0  7T {1/2-[541] ,7/2~[523]} 9 .7 10.9 10.5
36" 6/Mtt 30+ 0  v {5/2+[642],7/2~[503]} 1 1 . 9 12.0 11.6
38+ 6/Mtt 30+ 0  v {5/2+[642], 11/2+[615]} 1 2 .5 13.2 12.8
12-quasiparticle
40" 6i/6tt 34+ 0  v {5/2+[642], 7 /2“ [503]} 13.8 14.4 14.1
42+ 61/6* 34+ 0  v {5/2+[642],ll/2+[615]} 14.4 15.7 15.4
"Estim ate of intrinsic state energy including residual interactions.
^Extrapolations of band I and A 77 = 25+ band to the spins of the predicted band- 
heads.
ing constant dynamical moments of inertia of J ^ 2) — 5 7  MeV-1 A2 and 55 MeV-1/?2 
respectively. While the excitations to 10 and 12 quasiparticles are in some sense ex­
pensive in terms of energy they are seen to compete favourably with rotation at high 
angular momentum, since a t I  > 30, A I  — 2 transitions have energies > 1 MeV. 
There is a good prospect of some of these higher seniority states being isomeric, and 
they and their rotational bands should compete in forming the yrast line.
Constructing the decay scheme from the current experiment, using the i70E r(13C, 
511) reaction with Irnax ^  35/1, stretches the CAESAR array to the limit of its 
resolving power. The 134Xe(48Ca, 4n) reaction, which should give greater 7 -ray 
multiplicity and many more rotational bands, is best observed using a large array 
such as GAMMASPHERE or EUROBALL. However, the difficulty in working with 
xenon targets favours the inverse reaction, with a xenon beam incident 011 a calcium 
target. Although this could lead to severe Doppler broadening and shifts for fast 
decays (<1 ps) the multi-quasiparticle states will be longer lived ( » 1  ps) and decay
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after they have come to rest in the target backing. A proposal has been submitted to 
study multi-quasiparticle structures in 178W using GAMMASPHERE. This would 
probe the most exotic structures (in terms of high-A and high seniority) reachable 
with stable beams and targets.
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C h a p t e r  6  
S u m m a r y
The aim of the research presented in this thesis was to study the structure of 178W at 
high angular momentum. High spin states were populated using the 170E r(l3C ,5n) 
reaction at 80 MeV, at the Australian National University. Gamma-rays emitted in 
the decay of these states were observed, using the CAESAR array, in 4 measure­
ments: i) 7 -singles; ii) beam - 7  timing; iii) 7  angular distributions; and iv) 7  — 7  — t 
coincidences. An additional measurement was performed to detect conversion elec­
trons, using a cooled Si (Li) detector, inside a superconducting solenoid.
About 2.6 x 108 7 -7 -t coincidence events were collected. Examination of this da ta  
set enabled the construction of the level scheme and the measurement of isomeric 
half-lives. A total of 318 transitions were placed, connecting 184 levels in 20 rota­
tional bands. The conversion electron and 7  angular distribution measurements were 
useful in assigning transition multipolarities, allowing levels to be assigned spins and 
parities.
Once the level scheme was deduced, isomer half-lives were measured from the 
beam - 7  and 7  — 7  — t data. Half-lives of band-heads ranged from less than 1 ns, for
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the I P  — 12+ state at 3235 keV to 220 ns for the I P  =  25+ state a t 6571 keV.
The yrast band has been extended to P  — 28+, and an unfavoured sequence 
involved in its bandcrossing (the yrare band) observed for the first time. Out of 
band/in  band E2 branching ratios suggest that the aligned band could have high-A 
(Lband) structure. Many other low-seniority structures are observed, and under­
stood with the aid of band-mixing analysis.
A remarkable feature of the present data is the large number of rotational bands 
with well defined bandheads. Comparison of intrinsic state energies with blocked 
BCS calculations has allowed the assignment of quasiparticle structures. The ro­
tational bands enable the configuration assignments to be supported by rotational- 
alignments and M I / E 2  branching ratios, which are both dependent on the detailed 
quasiparticle structure. Two bands are observed based on 8-quasiparticle states. 
These are the highest seniority intrinsic states with associated bands yet observed.
The observation of bands based on states with all seniorities from zero to eight al­
lows the expectation of reduced pairing due to quasiparticle excitations to be tested. 
The blocking of orbitals (up to 4 of each type) is clearly seen to result in increases 
in the moments-of-inertia, which broadly agree with the results of pairing calcula­
tions. For the 8-quasiparticle bands the dynamic moments-of-inertia still fall short 
of the rigid-body value, consistent with the “exact” calculation. Pairing quenching 
is also seen to affect 7 -ray branching ratios, both through variation in the rotational 
//-factor, and the attenuation of rotational alignment for some quasiparticles.
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At K  ~  12, the 4-quasiparticle intrinsic states are far above yrast. Their decays 
are fragmented and only weakly hindered. However, at K  = 25 the 8-quasiparticle 
yrast isomer is found to have highly hindered decay. A decay’s reduced hindrance 
appears to depend strongly on the intrinsic state’s energy relative to the yrast line.
In 178W the high-A intrinsic states and their associated rotational bands compete 
with the low-A rotational excitations to form the yrast line. Over a large range of 
angular momenta, the energies required for rotation and quasiparticle excitation are 
comparable, resulting in both low and high seniority states being populated by a 
fusion-evaporation reaction. An yrast 8-quasiparticle band is seen in the current 
work, with states identified up to I  = 32. Quasiparticle excitation is expected to 
continue to compete favourably at even higher angular momenta. Studying 178W 
using the l34Xe(48Ca, 4n) reaction, with a maximum angular momentum of 60 h , 
could allow the identification of 10- and 12-quasiparticle intrinsic states and bands, 
with the possibility of long lived isomers.
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